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SUMMARY 


This  is  an  initial  report  of  a  three-year  lightning 
characterization  program  performed  by  the  Air  Force  Flight 
Dynamics  Laboratory,  Wright-Patterson  Air  Force  Base,  Ohio.  The 
data  were  acquired  in  approximately  100  flight  hours  spaced  over 
the  summers  of  1979  to  1 981  in  Central  and  South  Florida. 

A  WC-130  aircraft  was  instrumented  with  eleven  electric  and 
magnetic  field  sensors  at  different  aircraft  locations.  The  air¬ 
craft  was  flown  in  the  vicinity  of  active  thunderstorms  at  alti¬ 
tudes  between  1500  and  16000  feet  mean  sea  level  (MSL).  To 
correlate  the  electric  fields  produced  by  the  lightning  flashes 
and  the  respective  location  of  the  flashes,  a  ground  station 
network  was  employed.  The  ground  network  consisted  of  a  central 
station  where  the  electric  field  and  very  high  frequency  (VHF) 
radiation  were  measured  and  four  remote  stations  arranged  in  a 
wye  configuration  with  a  20  kilometer  (km)  radius  for  measuring 
VHF. 

Fourteen  channels  of  continuous  analog  data  with  2  Mega 
hertz(MHz)  bandwidth  and  ten  channels  of  digital  data  of  164 
microsecond  (  usee)  windows  with  20  MHz  bandwidth  at  a  maximum 
rate  of  two  data  windows  per  second  were  recorded  in  the  air¬ 
craft.  Analog  data  for  the  electric  field  and  VHF  radiation  with 
2  MHz  bandwidth  were  recorded  at  the  central  ground  site.  In 
addition,  VHF  radiation  with  4  MHz  bandwidth  was  recorded  in 


xiii 


modified  video  cassette  recorders  at  all  four  ground  sites. 
IRIG-B  time  code  received  at  the  ground  site  was 
retransmitted  to  the  aircraft  and  remote  stations  and  used  for 
time  synchronization.  The  aircraft  and  ground  sensors  were  cali¬ 
brated  to  detect  lightning  flashes  between  zero  and  35  km  away. 

This  report  presents  a  description  of  the  aircraft  and 
ground  instrumentation  used  to  accomplish  the  data  acquisition 
for  all  three  years.  An  analysis  of  the  data  collected  during 
the  first  two  years  and  a  summary  of  about  40%  of  the  events 
during  the  last  year  are  also  presented.  Some  of  the  most 
important  results  from  the  data  analyzed  to  date  are: 

1)  About  half  of  the  electric  and  magnetic  field  measure¬ 
ments  of  return  strokes  measured  in  the  aircraft  had  a  risetime, 
tr,  (fast  transition  to  peak)  between  100  and  200  nanoseconds 
(nsec).  These  results  are  comparable  with  those  obtained  by 
Weidman  and  Krider  in  1  978  and  1980  when  it  was  found  that  some 
return  strokes  measured  on  the  ground  had  average  risetimes  of  90 
nsec  during  the  fast  transition. 

2)  The  frequency  transform  of  the  airborne-measured  return 
strokes  decayed  approximately  as  1/f  from  24  kilohertz  (kHz)  to  2 
MHz  and  as  l/f^  from  2  MHz  to  20  MHz.  These  results  are 
comparable  with  those  reported  by  Weidman  et  al.,  1981,  from 
derivative  data  recorded  on  the  ground. 

3)  Correlated  electric  fields  for  return  strokes  at  heights 
of  1500  to  16000  feet  MSL  have  similar  characteristics  to  those 
measured  on  the  ground  for  lightning  flashes  between  10  and  20  km 
away.  These  results  indicate  that  the  aircraft  resonances  have 
no  appreciable  effect  on  the  airborne  measured  field  at  these 
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distances.  However,  the  electromagnetic  field  data  collected  in 
the  near  field  as  the  aircraft  flies  around  the  thundercloud  show 
the  effect  of  the  aircraft  resonances. 

4)  There  are  electric  and  magnetic  field  pulses  with  rise- 
times  on  the  order  of  100  nsec  which  occur  at  times  other  than 
during  the  return  stroke.  These  sharp  pulses  can  be  coupled 
through  apertures  and  cause  interference  to  aircraft  electronics. 

5)  The  electric  field  on  the  surface  of  aircraft  flying  in 
close  proximity  to  a  thunderstorm  cell  or  inside  the  cell  varies 
continuously.  The  charge  on  the  surface  of  the  aircraft 
producing  this  field  could  trigger  a  lightning  flash  with  a 
nearby  region  which  is  oppositely  charged.  Thi3  discharge 
between  the  aircraft  and  its  surroundings  can  start  with  leaders 
attaching  to  different  areas  of  the  aircraft.  Electric  field 
changes  larger  than  100,000  volts/meter  (V/m)  were  measured  on 
the  surface  of  the  aircraft  during  one  of  the  direct  strikes. 
The  monitored  induced  voltage  in  the  C-130  aircraft  internal 
wiring  was  greater  than  100  millivolts. 

6)  There  were  two  direct  lightning  strikes  to  the  aircraft 
during  the  1981  flight  test.  Both  of  these  strikes  were  trig¬ 
gered  by  the  aircraft  and  can  be  interpreted  as  cloud-to-aircraf t 
lightning  discharges.  These  two  flashes  lasted  about  400  msec  and 
had  a  maximum  pulse  repetition  rate  of  10 ^  pulses/sec.  The 
maximum  current  for  any  of  the  pulses  in  these  two  strikes  was 
600  Amperes  (A)  and  3  kiloamperes  (kA),  respectively. 
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SECTION  I 


INTRODUCTION 

In  the  ten  years  preceding  the  initiation  of  this  program, 
seven  United  States  Air  Force  CUSAF)  aircraft  were  lost  due  to 
confirmed  lightning-related  Incidents.  Lightning  was  cited  as 
the  likely  cause  in  two  other  major  aircraft  accidents,  and  153 
serious  lightning-related  mishaps  were  documented  (Refs  1,  2,  and 
3).  In  the  five-year  period  from  1  972  to  1  977,  the  USAF  finan¬ 
cial  loss  exceeded  21  million  dollars.  Similar  reports  for 
commercial  aircraft  indicate  one  serious  lightning  strike  about 
every  3,000  flight  hours  (Ref  4). 

Coupled  with  the  ever  present  lightning  hazards  to  the 
aircraft  are  the  changing  effects  on  the  aircraft  introduced  by 
two  emerging  technologies:  microelectronics  and  advanced  struc¬ 
tural  materials.  The  application  of  these  technological  advances 
to  aircraft  results  in  a  potentially  increased 
susceptibility/vulnerability  of  electronic  equipment  to  circuit 
transients  and  an  increase  in  the  electromagnetic  energy  coupled 
into  the  aircraft  circuitry.  Therefore,  the  advantages  achieved 
in  aircraft  performance  and  flexibility  may  be  offset  because  of 
the  higher  susceptibility  to  electromagnetic  transients.  This  is 
a  major  concern  in  new  generation  aircraft. 

To  determine  the  electromagnetic  coupling  to  the  aircraft 
for  direct  and  nearby  lightning,  the  Air  Force  Wright  Aeronauti¬ 
cal  Laboratories  (AFWAL)  started  a  three-year  (1979-81)  airborne 
lightning  characterization  program.  The  WC-130  aircraft  shown  in 
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Figure  1  was  instrumented  with  wideband  electromagnetic  field 
sensors  and  flown  in  close  proximity  to  active  thunderstorms  to 
record  the  characteristics  of  the  electric  and  magnetic  fields  in 
the  aircraft  environment. 

The  three-year  program  was  evolutionary.  In  the  first  year, 
a  fairly  simple  system  was  used  and  a  small  amount  of  useful  data 
was  obtained  (Ref  5).  The  main  emphasis  during  the  first  year 
was  to  capture  data  windows  of  2048  points  of  the  largest  elec¬ 
tric  and  magnetic  field  radiation  incident  on  the  aircraft  from 
lightning  flashes  5  to  20  km  away.  For  this  purpose  four  aircraft 
sensors  were  designed  and  the  interface  instrumentation  was 
developed.  The  results  of  the  first  year  were  used  to  provide 
design  criteria  for  improved  instrumentation. 

A  new  system  was  implemented  during  the  second  year  and 
sufficient  data  were  collected  to  analyze  the  system  performance 
and  determine  adequate  correlation  methods  for  air  and  ground 
data.  During  the  second  year  the  number  of  aircraft  sensors  was 
increased  from  four  to  eleven  and  new  instrumentation  was 
developed  to  correlate  ten  data  windows  of  164  ysec.  Even  though 
some  continuous  electric  field  and  VHF  radiation  were  recorded  in 
a  ground  network  and  in  the  aircraft,  instrumentation  problems 
did  not  allow  proper  correlation  of  the  results. 

During  the  third  and  final  year  additional  changes  were 
incorporated  which  resulted  in  consistent  sets  of  airborne  and 
ground  data  which  are  being  used  to  characterize  the  lightning 
threat  to  aircraft  in  flight.  The  final  experiment  consisted  of 
the  WC-130  instrumented  with  eleven  sensors  to  measure  the  elec¬ 
tric  and  magnetic  fields  and  the  current  density  external  to  the 
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Figure  1.  The  WC-130  Aircraft 
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aircraft.  The  fields  detected  by  these  sensors  were  recorded 
continuously  with  2  MHz  response.  In  addition,  digital  data  with 
20  MHz  frequency  response  were  recorded  in  sample  data  windows  of 
164  psec  at  a  rate  of  about  two  per  second.  The  ground  network 
consisted  of  a  set  of  four  VHF  stations  located  about  20  km  apart 
and  an  electric  field  station.  The  data  obtained  from  the 
multiple  VHF  stations  were  used'  to  determine  the  location  of  -  the 
lightning  channel  and  the  data  from  the  ground  electric  field 
station  were  used  for  ground-aircraf t  correlation.  IRIG-B  time 
code  with  one  millisecond  (msec)  resolution  recorded  on  the 
ground  was  transmitted  to  the  aircraft  to  obtain  correlated 
airborne  and  ground  recordings.  Ground  and  airborne  data  were 
obtained  from  discharges  1  to  30  km  apart  at  heights  of  1500, 

5000,  8000,  and  15000  feet.  Data  were  also  obtained  in  two 
direct  strikes  to  the  aircraft. 

Even  though  a  large  amount  of  fine  structure  data  recorded 
on  the  ground  during  ground  and  cloud  flashestRefs  5,  13-17], 
very  limited  data  [Refs  13  to  17]  have  been  collected  during 
actual  aircraft  flight.  This  report  presents  the  first 
simultaneous  measurement  of  electromagnetic  fields  produced  by  * 

lightning  on  an  aircraft  and  at  the  ground.  Once  the  correlation  ■ 

*1 

between  airborne  and  ground  data  is  understood,  it  should  be 
possible  to  directly  relate  ground  data  to  the  aircraft 
environment. 

This  report  discusses  all  aspects  of  the  data  acquisition, 
data  processing  procedures,  and  data  interpretation.  The  test 
environment  and  a  detailed  discussion  of  the  airborne  and  air- 
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craft  sensors  and  their  interfaces  are  presented.  Even  though 
the  aircraft  sensors  have  been  used  in  ground-based  elTectromagne- 
tic  pulse  (EMP)  and  lightning  tests,  the  application  of  these 
sensors  in  an  airborne  lightning  test  environment  has  not  been 
fully  described.  Block  diagrams  are  shown  for  all  the  experi¬ 
ments.  The  full  description  of  the  the  ground  and  airborne  in¬ 
strumentation  given  in  Section  II  is  needed  to  understand  the 
limitations  of  the  data  being  reported.  Section  III  presents 
the  technique  used  for  processing  and  describes  how  the  raw  data 
recorded  by  the  analog  and  digital  recorders  are  processed  to 
obtain  the  displays  presented  in  this  report.  Sections  IV  and  V 
contain  the  most  important  part  of  the  report,  data  interpreta¬ 
tion.  The  first  part  of  the  data  display  and  interpretation 
consists  of  near  and  far  field  data  which  are  shown  in  Section 
IV.  In  many  cases  correlated  ground  and  airborne  records  are 
shown.  A  discussion  of  the  risetime  and  frequency  content  is 
given  for  the  near  and  far  field  data.  Two  direct  lightning 
attachments  are  discussed  in  Section  V.  Section  VI  provides 
conclusions  based  on  our  experiments  and  recommendations  for 
designing  a  more  ideal  experiment  to  collect  this  type  of  data. 
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SECTION  II 


DATA  ACQUISITION 

The  intent  of  the  instrumentation  described  herein  was  to 
employ  digital  and  analog  data  acquisition  equipment  to  obtain 
inflight  lightning  data.  A  ground  station  network  was  designed 
to  relate  the  inflight  electromagnetic  energy  coupled  during  the 
different  phases  of  ground  and  cloud  flashes  with  ground  data. 
Most  of  the  aircraft  flights  were  in  the  vicinity  of  the  ground 
station  sites  at  a  nominal  altitude  of  4  km  mean  sea  level  (MSL). 
The  aircraft  was  restricted  from  penetrations  into  developed 
storm  cells,  so  most  of  the  inflight  data  reported  here  were 
obtained  from  5  to  30  km  from  the  lightning  channel. 

The  electromagnetic  radiation  produced  by  the  lightning 
current  spans  the  frequency  spectrum  from  near  DC  to  the  Giga¬ 
hertz  (GHz)  range  (Ref  18).  The  amplitude  of  this  radiation  is 
frequency  dependent.  As  the  frequency  increases  from  10  kHz  to 
about  100  MHz,  the  amplitude  of  the  electric  field  decreases  and 
the  number  of  radiation  pulses  increases  (Refs  19  and  20). 
Radiation  from  return  strokes,  which  is  predominant  at  VLF, 
decreases  inversely  with  frequency  from  10  kHz  to  2  MHz  and 
inversely  with  the  square  of  the  frequency  beyond  2  MHz  (Ref  21). 

To  determine  the  frequency  range  over  which  the  WC-130  air 
craft  will  have  the  highest  coupling,  the  lightning  spectrum  and 
the  dimensions  of  the  aircraft  must  be  considered.  Previous 
tests  performed  in  the  NASA  Learjet  aircraft  (Ref  15)  indicated 
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that  maximum  coupling  to  the  aircraft  occurs  at  a  frequency  which 
is  determined  by  the  no.se-to-tail  and  wing-to-wing  dimensions. 
Figure  2  shows  the  WC-130  aircraft  dimensions.  The  97.75  ft  from 
nose-to-tail  and  132.6  ft  from  wing-to-wing  correspond  to  fre¬ 
quencies  of  10.1  and  7.4  MHz,  respectively.  These  frequencies 
are  usually  referred  to  as  the  fundamental  aircraft  resonant 
frequencies.  It  is  expected  that  these  frequencies  and  those 
corresponding  both  to  twice  and  to  one  half  of  the  fundamental 
wavelength  will  couple  the  most  energy  into  the  aircraft.  To 
include  the  resonant  frequencies,  it  was  decided  to  measure  the 
electromagnetic  energy  coupled  to  the  aircraft  with  instrumenta¬ 
tion  having  a  frequency  response  of  at  least  20  MHz. 

1.  GROUND  AND  AIRBORNE  DATA 

Previously,  it  was  determined  that  the  electromagnetic  ener¬ 
gy  must  be  recorded  with  an  upper  frequency  response  of  at  least 
20  MHz.  In  addition,  since  ground  data  are  usually  recorded  from 
DC  to  2  MHz  (Refs  6  to  12),  and  both  sets  of  data  must  be  corre¬ 
lated,  an  overall  frequency  range  from  near  DC  to  20  MHz  was 
chosen  for  the  airborne  instrumentation.  Since  the  effects  on 
aircraft  circuits  should  be  related  to  the  skin  currents  resul¬ 
ting  from  nearby  and  direct  strikes,  the  parameters  measured 
should  include  Induced  and  conducted  skin  currents  and  radiated 
electric  and  magnetic  fields.  Consequently,  the  aircraft  instru¬ 
mentation  included  sensors  for  measuring  all  these  parameters. 

To  determine  the  three  dimensional  structure  of  the  light¬ 
ning  channels  which  are  radiating  the  electromagnetic  energy, 
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four  VHF  stations  were  installed  about  30  km  apart.  These  sta¬ 
tions  recorded  the  VHF  radiation  whenever  the  aircraft  flew  In 
the  neighborhood  of  a  thunderstorm  within  25  km  of  the  central 
site  of  the  ground  network.  All  these  ground  and  airborne 
measurements  are  needed  to  provide  proper  identification  of  the 
events  in  a  lightning  discharge  which  produce  the  most  severe 
threat  to  the  aircraft. 

2.  TEST  ENVIRONMENT 

Figure  3  shows  a  conceptual  view  of  the  test  environment. 
The  ground  and  airborne  data  are  correlatd  by  a  timing  code 
(IRIG  B)  transmitted  from  the  central  ground  station  for  record¬ 
ing  in  the  aircraft  and  at  the  remote  ground  stations.  Electric 
field  and  VHF  radiation  were  recorded  at  the  Cowpens  site.  Only 
VHF  radiation  was  recorded  at  the  remote  sites.  The  aircraft  was 
equipped  with  various  sensors. 

3.  AIRCRAFT  SENSORS 

Three  basic  types  of  sensors  were  used  on  the  aircraft 
during  the  three-year  program:  electric  field  sensors,  magnetic 
field  sensors,  and  current  density  sensors  (Refs  22-24).  For 
each  sensor,  the  proper  circuit  configuration  was  used  to  deter¬ 
mine  a  calibration  constant  relating  the  electric  field,  magnetic 
field,  and  current  density  to  the  recorded  voltage.  Even  though 
some  variations  of  the  basic  sensor  design  have  been  used  over 
the  last  three  years,  only  the  basic  sensor  type  is  discussed  for 
the  three  electromagnetic  readings.  The  principles  of  operation 
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Figure  3.  Conceptual  View  of  Test  Environment 


of  the  sensors  are  based  on  Maxwell's  equations, 
a.  Electric  Field  Sensor 

A  dipole  sensor  was  used  to  measure  the  vertical  compo¬ 
nent  of  the  incident  electric  field.  Figure  4a  shows  the  basic 
conf iguration.  The  electric  field  perpendicular  to  the  plates 
induces  a  voltage  between  the  plates.  Figure  4b  shows  all  the 
basic  circuit  elements  in  the  sensor.  C  and  G  represent  the 
capacitance  and  conductance,  respectively,  between  the  parallel 
plates.  The  stray  capacitance,  Cs  at  the  sensor  output  and  the 
line  resistance,  R,  are  also  considered  in  the  electric  field 
sensor  equivalent  circuit  in  Figure  4b.  The  sensor  output  is 
matched  to  a  50  ohm  line.  In  air,  the  conductivity  between 
plates  will  be  about  1016  siemens/centimeter  and  a  typical  value 
for  C  is  about  1  picofarad  (pFd).  Therefore,  G  can  be  neglected 
over  the  entire  frequency  range.  In  addition,  the  line 
resistance  R  is  negligible  with  respect  to  the  load.  Figure  ic 
shows  the  remaining  elements.  The  sensor  current  can  be  deter¬ 
mined  using  the  Norton  equivalent  circuit  in  Figure  4d  and  the 
equation 


Xin(«)  =  Vin  (w)  jwC  =  jwC  d  E(w)  (1) 

where  E(oj)  is  the  electric  field  sensed  between  the  plates  and  d 
is  their  separation.  But  since  the  capacitance  between  the 
plates  is 

C  =  e0A/d  (2) 
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a.  Parallel  Plate  Dipole 


G 


r+r£ 


b.  Electric  Field  Equivalent  Circuit  c.  First  Approximation 

Equivalent  Circuit 


Cl 


d.  Simplified  Current  Equivalent 
Circuit 


e.  Simplified  Voltage 
Equivalent  Circuit 


Figure  4 .  Electric  Field  Sensor  and  Equivalent  Circuits 


where  A  is  the  plate  area,  substituting  (2)  in  (1)  we  get 

*in(“)  =  j  w  £0A  E(w).  (3) 

Defining  Ci  :  C  +  C3»  the  equivalent  circuit  in  (4) 

Figure  4e  is  obtained.  Therefore, 

vin(  w)  =  Iin(«)/JwCi  =  (  £0A/C"i )  E(w)  =  d1E(u)  (5) 

where,  as  expected,  the  input  voltage  between  the  plates  is 
proportional  to  the  electric  field  and  d-j  j.s  the  equivalent  plate 

separation  (.101  m).  The  equivalent  sensor  capacitance  Ci  was 
calculated  to  be  7.1  pFd  (Ref  25). 

From  Figure  4e  the  output  voltage  VQut  can  be  calculated  as: 

Vout(w)  =  C  Rl/®L+1/ JojCi  )  3Vin(  oj)  -  [  j  ujRlCI  /  ( 1  +JuRlC  1 ) )  Vin  (ui ) 
s  U(uRLe0A/(UjaiRLCi)  ]  EU)  (6) 

Two  extreme  cases  can  be  observed  from  equation  (6). 
First,  for  u  <<  1/RLCi  then 

^out(w)  =  jw  RleoA  E(w)  (7) 

which  implies  that  the  measured  voltage  is  proportional  to  the 
derivative  of  the  electric  field.  Second,  for  w  >>  l/R^Ci  then 

Vout(u)  =  UoA/cl)  E(u)  s  d i EC u>)  (8) 

where  the  measured  voltage  is  proportional  to  the  electric  field. 
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Since  Rl  s  50  ohms  (u)  and  s  7.1  pFd,  then  l/2ir  RlCi  s 
447  MHz,  and  over  the  frequencies  of  interest  oj<<1/RlCi  the 
output  voltage  is  always  proportional  to  the  derivative  of  the 
electric  field. 

In  the  time  domain, 

vout<t)  =  e0A  RL  =  KE  (9) 

where  Kg  is  the  electric  field  sensor  calibration  constant.  For 
A  =  0.1  m2,  Kg  s  4.425  x  10”11  m-sec. 

The  sensor  was  calibrated  using  a  50.ft  parallel  plate  trans¬ 
mission  line.  A  continuous  wave  test  was  performed  using  a 
sinusoidal  excitation  input  over  the  frequency  range  from  0.1  to 
20  MHz.  The  theoretical  value  of  Kg  and  the  experimental  value 
determined  from  the  tests  were  within  10t. 

The  frequency  response  of  the  sensor  is  linear  from  near  DC 
to  almost  20  MHz.  However,  the  sensor  output  is  extremely  low  at 
low  frequencies  and  the  practical  lower  frequency  limit  is 
determined  by  the  dynamic  range  of  the  data  link.  The  dynamic 
range  of  the  data  link  is  limited  at  the  low  end  by  the  noise 
level  of  the  light  emitting  diode  (LED)  and  its  electronics  and 
by  the  transmission  medium.  By  laboratory  testing,  it  was  deter¬ 
mined  that  the  lowest  sinusoidal  amplitude  that  could  be  detected 
was  about  50  microvolts  (yV).  A  simplified  analysis  was 
performed  to  estimate  the  practical  low  frequency  response-  of  the 
electric  field  data  channel.  For  analysis  purposes,  the  radiated 
electric  field  was  assumed  to  have  a  double  exponential  waveform, 
i .  e. , 

E( t)  =  E( e“at  -  e-8t)  (10) 
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From  equation  (9)  and  the  derivative  of  equation  (10)  we  get: 


vout  <*>  =  kEE(Se‘0t  -cte”at) 


(11) 


The  frequency  domain  response  can  be  obtained  by  the  Laplace 
Transform  of  equation  (11)  which  gives: 


K£E  s  (8-a) 


Since  s 


jw: 


vout<s)  *  (s+o)  (S+B) 


JcjKfE(S-o) 


(12) 


(13) 


The  Magnitude  of  (13)  ia 


KEE(S-a)  w* 


(14) 


Since  the  output  of  the  sensor  is  the  summation  of  the  inputs  at 
all  frequencies  within  its  bandwidth: 

20  MHz 

(15) 


Vout ( t  ^ 


lvout<»eJ“t  df 


Equations  (14)  and  (15)  were  used  for  radiated  electric  field 
peak  amplitudes  of  20  volts/raeter  (V/m)  and  10  kilovol ts/ meter 
(kV/m),  a  sensor  calibration  constant  of  4.425  x  10”11  and  a 
and  8  constants  of  1.4  x  104  and  7  x  10?  radians/second,  respec¬ 
tively,  to  produce  a  double  exponential  with  an  approximate 
risetime  ( 1 01  —  90%  of  peak)  of  100  nsec.  The  results  from  equa¬ 
tion  (15)  indicate  that  all  the  frequency  components  must  be  used 
to  yield  a  voltage  level  above  the  noise  threshold  of  the  data 
channel  for  an  electric  field  of  20  V/m.  For  an  electric  field 
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of  10  kV/m,  the  corresponding  value  is  about  500  Hz.  However, 
the  practical  low  frequency  response  of  the  E-field  sensor  when 
the  derivative  value  was  recorded  was  about  1  kHz.  The  20  V/m 
and  lOkV/m  electric  field  values  correspond  to  distances  from 
the  source  of  30  km  and  0.5  km  (Ref  7),  respectively, 
b.  Magnetic  Field  Sensor 

The  magnetic  field  sensor  consisted  of  a  one  turn 
cylindrical  Moebius  loop  (Ref  25)  with  a  frequency  response 
higher  than  20  MHz.  The  sensor  diameter  was  0.12M  m  and  the 
loop  was  constructed  with  semirigid  coaxial  cable  to  yield  an 
equivalent  area,  A,  of  0.02  m2.  The  sensor  was  installed  with 
the  bottom  of  the  loop  about  eight  inches  above  the  aircraft 
skin.  Figure  5a  shows  the  basic  configuration.  From  Faraday's 
Law,  it  is  known  that  a  variation  in  the  flux  produces  an  induced 
voltage.  Figures  5b  and  c  show  the  sensor  voltage  and  current 
equivalent  circuits.  Rs  is  the  resistance  in  the  turns  of  the 
wire,  Rl  ia  the  load  resistance,  and  L  is  the  sensor  inductance 
derived  from  Faraday's  Law.  The  effect  of  Rs  can  be  neglected  by 
choosing  it  much  smaller  than  R^.  Since  the  input  voltage  is 
proportional  to  the  derivative  of  the  magnetic  field  density 
times  the  sensor  area,  the  output  voltage  across  R^  will  be 

rl 

Vout<“>  *  (16) 


For  R. 

oj  <  <  j—  vout^)  “  JwAB(u) 


(16a) 
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a.  Inductive  Loop 


b.  Simplified  Voltage  Equivalent 
Circuit 


c.  Simplified  Current  Equivalent 
Circuits 


Magnetic  Field  Sensor  and  Equivalent 
Circuits 


and  the  sensor  voltage  is  proportional  to  the  derivative  of  the 
magnetic  field  density.  Forw  >> 

vout<“>  ■  TT  B<“>  (,7) 

and  the  sensor  voltage  is  proportional  to  the  magnetic  field. 

For  the  magnetic  field  sensors  used,  the  measured  value  of  L  was 

RL 

0.9  micro  Henries  (yh)  and  R^  was  1  0 0f2 .  Therefore,  17.7  MHz 

and  the  voltage  reading  was  always  proportional  to  the  derivative 
of  the  magnetic  field.  In  the  time  domain 

B(t)  (18) 

The  value  of  K0  -  Aeqs  .02  m2  was  verified  with  the  parallel 
plate  transmission  line  using  the  continuous  wave  test.  The 
theoretical  and  experimental  values  agreed  within  51. 

The  low  end  frequency  response  of  the  magnetic  field  channel 
was  estimated  in  the  same  manner  as  was  that  of  the  electric 
field  data  channel.  Using  0.6  and  0.01  A/m  for  the  magnitudes  of 
the  magnetic  field  at  1  and  30  km,  respectively,  the  low  end 
frequency  responses  were  estimated  to  be  20  kHz  and  500  Hz, 
respectively. 

c.  liOll  Current  SCH3 QI, 

The  skin  current  sensors  operate  on  the  same  principle 
as  the  magnetic  field  sensors.  From  Ampere's  Law  it  is  known 
that 


*  out ( t )  2  A 


,q  k 


B(t)  =  KB 
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(19) 


OH.dl  sGs,ds  D. ds. 

J  a  J a 

But  the  magnetic  flux  incident  on  the  sensor  will  be  due  to  the 
conduction  current  J  because  the  induction  term  is  negligible  for 
no  apertures.  Applying  boundary  conditions  for  a  conductor,  H 
must  be  equal  to  J3,  so  that: 


B/W0=  Js 

(20) 

Using  (18)  and  (20) 

the  output  voltage  of  the  sensor 

can  be 

expressed  as: 

dJ_ 

Vout  =  ^Q-dt 

(21) 

Equation  (21)  is  valid  for  good  conductors  with  negligible  skin 
depth  over  the  frequencies  of  interest  (mainly  between  0.1  and  20 
MHz)  . 

The  skin  current  sensor  consisted  of  the  same  type  of  loop 
as  used  for  magnetic  field  measurements  except  that  the  bottom  of 
the  loop  was  at  the  skin  surface.  The  sensors  were  calibrated  in 
the  parallel  plate  transmission  line  using  the  same  technique  as 
for  the  magnetic  field  sensors. 

4.  OVERALL  AIRCRAFT  INSTRUMENTATION 

The  number  of  sensors  used  in  the  aircraft  was  increased 
from  four  in  1979  to  11  in  1980  and  1981.  To  accommodate  this 
increase,  the  aircraft  instrumentation  was  appropriately  updated. 
Additional  changes  in  the  data  recording  capabilities  were  intro¬ 
duced  in  1981.  To  fully  understand  the  recorded  data,  the  time 
and  frequency  domain  characteristics  of  the  equipment  used  must 
be  known.  Therefore,  the  descriptions  of  the  airborne  instrumen- 
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tation  are  separated  for  the  three  years, 
a.  1979  Airborne  Instrumentation 

One  electric  (D),  one  magnetic  (*B),  and  two  skin  current 
sensors,  (j),  were  used  in  1979.  Figure  6  shows  the  relative 
locations  of  the  sensors  on  the  aircraft.  Table  1  summarizes  the 
sensor  identification  and  specifications.  All  the  sensors  were 
prototypes  built  at  the  Air  Force  Wright  Aeronautical  Laboratory. 

Figure  7  shows  a  block  diagram  of  the  aircraft  instrumenta¬ 
tion.  The  sensor  outputs  were  connected  to  a  transmitter  unit 
via  a  100  fl  twinax  cable.  The  transmitter  unit  consisted  of  an 
amplifier  and  optical  modulator  module.  The  transmitter  output 
was  sent  to  a  receiver  unit  via  a  fiber  optic  cable.  The 
receiver  unit  consisted  of  an  optical  demodulator  module  and  an 
amplifier  whose  output  was  buffered  before  being  recorded  on 
magnetic  tape.  The  data  to  be  digitized  was  taken  through  an 
anti-aliasing  filter  to  limit  its  bandwidth  and  then  digitized  by 
a  transient  recorder  which  permitted  temporary  storage,  display 
on  a  CRT  and/or  permanent  storage  on  magnetic  floppy  disk  via  a 
digital  processor. 

Table  2  summarizes  the  mechanical  and  electrical 
characteristics  of  the  fiber  optic  components.  The  data  link 
consisted  of  a  Meret  Inc.  Model  27802  Transmitter  Receiver  system 
with  type  DR  fiber  optic  cable  assembled  by  Meret  Inc. 

The  analog  recorder  was  an  Ampex  Model  AR-700  14  channel 
recorder  with  a  frequency  response  from  300  Hz  to  300  kHz  (Ref 
5).  In  addition  to  the  four  data  channels,  two  other  channels 
were  used  to  record  a  1  kHz  reference  signal  and  an  IRIG  B  time 
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1.  E-Dot  3.  J-Dot 

2.  B-Dot 


Figure  6.  FY79  Sensor  Locations 
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The  anti-aliasing  filters  were  manufactured  by  Metropole 
Products  Inc.  Four  manually  selected  (short  coaxial  cable 
jumpers)  filters  were  provided  for  each  of  the  four  data  chan¬ 
nels.  A  particular  filter  (2, 4-, 10  or  20  MHz)  was  chosen  depen¬ 
ding  on  the  sweep  rates  selected  on  the  transient  recorders. 

The  digitizing  recorders  were  four  Biomation  Model  8100's 
operated  as  single  channel  recorders.  These  units  have  8  bit 
resolution  and  2  K  storage  capacity.  The  analog  outputs  of  the 
four  recorders  were  displayed  in  pairs  on  two  Tektronix  Model  603 
display  monitors  ^by  using  two  Biomation  Model  355  multiplexers. 
The  recorder  digital  outputs  were  interfaced  to  a  Digital  Equip¬ 
ment  Corporation  PDP  11/05  processor  by  means  of  a  DR-11  inter¬ 
face.  Computer  programs  were  written  to  store  the  data  on  a 
magnetic  floppy  disk. 

b.  1980  Airborne  Instrumentation 

Table  3  summarizes  the  characteristics  of  the  eleven 
sensors  used  in  1980.  All  sensors  were  manufactured  by  the  EG&G 
Company  in  Albuquerque,  New  Mexico,  and  were  designed  to  se'nse 
either  electric  or  magnetic  fields.  Skin  currents  were  also 
measured  by  properly  scaling  the  output  of  the  magnetic  field 
sensor.  There  were  two  types  of  sensors  used  to  measure  the 
electric  field,  j  Hollow  Spherical  Dipole  (HSD),  and  a  Flush 
Plate  Dipole  (FPD).  The  HSD  was  mounted  on  the  curved  conducting 
surface  of  the  upper  fuselage  centerline  (aft  of  wing).  Using 
the  EG 4G  designation,  the  HSD  sensor  will  be  referred  to  as  the  Q 
sensor.  Three  FPD  sensors  were  mounted  on  the  aircraft,  one  on 
the  upper  forward  fuselage,  one  on  the  left  wing  tip,  and  one 
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1980  SENSOR  IDENTIFICATION  AND  SPECIFICATIONS 
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wing  tip,  and  one  below  the  aircraft  tail.  The  FPD  sensor 
mounted  on  the  left  wing  tip  was  built  to  adapt  to  the  curvature 
of  the  wing  tip.  Because  of  their  location  on  the  aircraft  struc¬ 
ture,  the  sensors  at  the  wing  tip  and  below  the  tail  were  not 
exactly  parallel  to  the  ground  and  the  detected  electric  field 
should  be  multiplied  by.  approximately  1.02  to  obtain  the  vertical 
component  of  the  electric  field.  These  FPD  sensors  will  be 
referred  to  as  D  sensors  to  follow  EG&G  designation.  The 
remaining  sensors  consist  of  a  Cylindrical  Moebius  Loop  ( CML) . 
The  CML  sensors  used  to  measure  the  B-field  are  scaled  according 
to  equation  (18),  whereas  the  CML  sensors  used  to  measure  the 
skin  currents  are  scaled  by  using  equation  (21).  The  CML  sensors 
are  referred  to  as  B-Dot  (B)  if  scaled  to  measure  the  B-field  and 
J-Dot  (J)  if  scaled  to  measure  the  skin  current.  Figure  8  shows 
the  relative  locations  of  these  sensors  on  the  aircraft.  These 
locations  were  chosen  to  minimize  the  effect  of  the  aircraft  on 
the  sensor  inputs.  Figure  9  is  a  photographic  view  of  the  three 
types  of  sensors  shown  in  Figure  8.  Figure  9a  shows  the  forward 
upper  fuselage  (FUF)  sensors.  The  D-Dot  circular  FPD  sensor  is 
in  the  front  and  the  B-Dot  CML  sensors  are  under  the  pod.  Fig  9b 
shows  a  view  of  the  CML  sensors  under  the  pod.  Fig  9c  shows  the 
pod  covering  the  rear  upper  fuselage  while  Fig  9d  shows  the  J-Dot 
and  Q-Dot  sensors  under  the  pod.  Finally,  Fig  9e  shows  an  iso¬ 
lated  .J-Dot  sensor  in  the  left  wing.  The  B-field  sensors  were 
installed  with  their  bottoms  about  8  inches  above  the  aircraft 
skin  while  the  J-Dot  sensors  were  installed  with  their  bottoms  at 
the  aircraft  skin  surface. 
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Figure  8.  FY80/81  Sensor  Locations 
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b.  B  Sensors  (Pod  Removed) 


Pod  Covering  Re^r  Upper 
Fuselage  0  and  J  Sensors 


Figure  9.  Aircraft  Sensor 
Installations 


d.  Q  and  J  Sensors  (Pod  Removed) 
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e.  Upper  Wing  0  Sensor 

Figure  9.  Aircraft  Sensor  Installations  (concluded) 


Figure  10  shows  a  block  diagram  of  the  1980  aircraft  instru¬ 
mentation.  The  following  changes  were  made  from  the  1979 
configuration: 

a)  The  number  of  sensors  was  increased  from  four  to 

eleven. 

b)  A  single,  ten  channel  digitizing  transient  recorder 
(DTR)  with  8  bit  resolution  and  8  K  storage  capacity  per  channel 
replaced  the  four  individual  recorders. 

c)  A  28  channel  analog  recorder  was  used  to  increase 
bandwidth  from  300  kHz  to  2  MHz. 

d)  The  digital  record  length  was  increased  from  the  40 
sec  obtained  in  the  Biomation  8100  to  164  usee  at  the  same 

sample  rate  of  20  nsec. 

e)  Logarithmic  amplifiers  were  used  at  the  output  of 
the  sensors  to  increase  the  input  dynamic  range  to  80  dB. 

f)  Digital  data  were  encoded  and  recorded  directly  on 
magnetic  tape  instead  of  through  the  processor  on  floppy  disks. 

g)  The  rate  of  acquisition  and  storage  of  digital  data 
was  increased  from  four  simultaneous  displays  of  40  usee  re¬ 
cords  approximately  every  2  sec  to  ten  simultaneous  displays  of 
164  usee  records  about  every  400  msec. 

h)  The  frequency  response  of  the  sensors  and  their 
interface  was  extended  to  at  least  25  MHz. 

i)  The  anti-aliasing  filters  were  replaced  with  indi¬ 
vidual  filters  at  frequencies  of  5,  10,  and  20  MHz  which  were 
mounted  at  the  fiber  optics  receivers. 

The  ten  channel  digitizing  transient  recorder  (DTR)  model 
7901  was  developed  by  Micro  Pro  Inc.  specifically  for  this  appli- 
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cation.  This  unit'  digitizes  a  data  window  of  the  incoming  analog 
data  and  stores  it.  Upon  external  command  (by  the  operator  or 
the  P-DP  11/05  processor),  the  unit  encodes  the  digital  data  using 
a  Manchester  phase  modulated  code  and  outputs  the  data  for 
recording  on  magnetic  tape.  The  digital  data  can  also  be  stored 
on  floppy  disks.  However,  this  method  is  not  used  during  data 
acquisition  because  of  the  limited  capacity  of  the  disks  and  the 
longer  time  needed  to  store  data  as  compared  to  dumping  onto 
tape.  For  processing,  a  ten  channel  decoder  is  used  to  convert 
the  data  stored  on  magnetic  tape  back  to  digital  format. 

In  addition  to  the  sensor  data,  the  aircraft  position, 
heading,  and  altitude  were  stored  on  magnetic  disk  via  the  PDP 
11/05  processor.  A  pulse  unit  and  an  antenna  were  installed  for 
communication  with  the  ground  sites. 

c.  1981  Airborne  Instrumentation 

Figure  11  shows  the  instrumentation  used  in  1981.  The 
D-Dot  FUF  sensor  output  was  integrated  near  the  antenna  and 
transmitter.  This  hardware  integration  was  required  to  extend 
the  low  frequency  response  to  near  DC.  The  D  output  of  the  fiber 
optic  receiver  was  stored  in  two  FM  channels  with  different 
gains.  Since  the  frequency  response  of  this  channel  was  from  DC 
to  500  kHz,  these  data  were  used  to  establish  correlation  between 
the  ground  and  airborne  electric  field  readings.  Results  of  this 
correlation  for  a  number  of  lightning  flashes  are  given  in  this 
report.  The  .Q-Dot,  B-Dot  and  the  remaining  D-Dot  sensor  outputs 
were  transmitted  with  fiber  optic  cables  and  recorded  in  two 
different  forms.  One  output  was  left  in  derivative  form,  logged, 
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stored  in  the  DTR,  and  transferred  to  magnetic  tape.  The  other 
output  was  integrated  and  could  be  recorded  in  analog  form  on 
direct  record  channels  of  the  instrumentation  recorder.  Because 
of  noise  problems,  the  outputs  from  the  fiber  optic  receiver  for 
the  latter  signals  could  only  be  integrated  down  to  3  KHz. 

Once  the  aircraft  was  instrumented  as  shown  in  Figure  11, 
the  electric  and  magnetic  field  sensors  were  calibrated.  Figure 
12  shows  the  parallel  plate  calibration  for  the  FPD  sensors  in 
the  forward  upper  fuselage.  In  the  illustrated  technique,  a 
rectangular  pulse  with  known  magnitude,  risetime  and  falltime  was 
incident  at  the  parallel  plate  and  the  response  at  the  recorder 
input  was  measured  with  an  oscilloscope.  Using  this  technique, 
the  value  of  Kg  in  equation  (9)  and  the  frequency  response  of  the 
sensors  were  determined. 

The  overall  dynamic  range  of  the  integrated  output  from  the 
electric  and  magnetic  fields  was  designed  for  lightning  flashes 
from  0.5  km  to  30  km.  In  case  of  a  direct  strike,  however,  the 
output  from  the  FPD  sensor  on  the  left  wing  tip  was  set  for  a 
maximum  electric  field  of  320,000  V/m  (change  made  July  21st)  and 
the  J  sensors  were  always  calibrated  to  measure  skin  currents  on 
the  order  of  kiloamperes. 

A  Ryan  Stormscope  was  mounted  in  the  aircraft  as  part  of  a 
second  program  to  evaluate  its  performance  and  was  used  to  assist 
in  determining  the  relative  locations  of  atmospheric  electrical 
activity.  Figure  13  shows  the  Stormscope  antenna  which  was 
located  on  the  rear  lower  fuselage  forward  of  the  FPD  D  sensor. 
With  the  exception  of  the  Stormscope  display  unit,  all  the  air- 
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Figure  13.  Rear  Lower  Fuselage  View  Showing  the 
Stormscope  Antenna  (Bottom  Center) 
and  FPD  Sensor  (Upper  Center). 
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craft  instrumentation  needed  for  operator  interaction  was  located 
in  one  rack.  Figure  14  shows  a  picture  of  that  rack. 

A  periodic  calibration  pulse  with  controlled  output 
amplitude,  frequency,  and  repetition  rate  was  built  and  mounted 
in  the  aircraft.  This  calibration  was  transmitted  to  the  ground 
to  correlate  the  airborne  and  ground  events. 

A  new  experiment  was  added  in  1981.  Internal  wires  were  run 
along  the  trailing  edge  wing  of  the  left  sing  box  and  within  the 
fuselage  nose- to- tail.  Induced  transients  on  these  wires  were 
measured  and  recorded  on  the  magnetic  tape  recorder. 

5.  GROUND  STATIONS 

Correlated  airborne  and  ground  electric  field  readings  were 
essential  to  compare  the  characteristics  of  the  electric  field 
readings  recorded  in  the  aircraft  with  those  recorded  on  the 
ground.  In  addition,  a  ground  VHF  measuring  network  was  designed 
to  determine  the  location  of  the  VHF  sources  produced  by  each 
flash  (Refs  26-28). 

Figure  15a  shows  the  instrumentation  van  used  to  record  the 
electric  field  and  VHF  radiation  produced  by  lightning.  This  van 
was  located  at  the  Cowpens  site  shown  in  Figure  3.  On  top  of  the 
van  were  two  electric  field  antennas,  a  VHF  omnidirectional 
antenna,  and  a  Stormscope  antenna.  A  thunder  microphone  was 
located  on  the  side  of  the  van  and  a  WWV  antenna  was  placed  in  a 
small  tower  n<s the  van.  The  electric  field,  VHF,  thunder,  and 
time  code  data  were  recorded  continuously  on  strip  charts  and 
magnetic  tape  recorders.  Figure  15b  shows  the  main  instrumenta- 


38 


Van 


b.  Instrumentation  Rack 

inside  Instrumentation  Van 


Figure  15.  Cowpens  Site 
Ground  Station 
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tion  rack  used  in  the  van. 

Figure  16  shows  a  block  diagram  of  the  electric  field 
system.  The  system  was  designed  by  Lightning,  Location,  and 
Protection,  Inc.  (Ref  29)  and  consisted  of  two  plates  of  0.02  and 
0.5  m2  and  two  integrators  and  amplifier  circuits.  The  voltages 
at  the  four  output  terminals  were  recorded  on  direct  and  FM 
channels  of  the  instrumentation  tape  recorder  with  a  frequency 
response  of  500  kHz  for  FM  and  2  MHz  for  direct.  The  outputs 
were  also  recorded  on  a  strip  chart.  From  the  output  voltage  the 
electric  field  is  easily  obtained  from 


where  E  is  the  electric  field,  C  the  integrator  capacitor,  e0 
is  the  permittivity  of  free  space,  S  the  area  of  the  plate  and  V 
the  detected  output  voltage.  Therefore,  E  =  kV,  where  k  is  the 
calibration  constant  for  each  one  of  the  output  terminals.  The 
IRIG  B  time  code  with  1  msec  resolution  was  alst.  recorded  on  the 
instrumentation  tape  recorder  and  slow  code  was  recorded  on  the 
strip  chart.  The  integrator  outputs  in  Figure  16  were  adjusted 
manually  to  correct  for  drift. 

To  determine  the  position  of  the  VHF  sources  a  "difference 
in  the  time  arrival"  hyperbolic  system  was  instrumented.  The 
basic  configuration  and  distance  between  the  stations  were  simi¬ 
lar  to  previous  systems  designed  by  Lennon  (Ref  26)  and  Proctor 
(Refs  28  and  30).  The  four  VHF  stations  were  located  approxima¬ 
tely  20  km  apart  as  shown  in  Figure  17.  The  station  at  Devil’s 
Garden  was  used  as  a  reference.  A  fifth  station  was  located  at 
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Cowpens,  site  of  the  E-field  recorder  and  mobile  van.  The  VHF 
radiation  at  the* Cowpens  station  was  recorded  in  the  analog 
magnetic  recorder  simultaneously  with  the  electric  field.  The 
VHF  radiation  detected  in  omnidirectional  antennas  at  all  sites 
was  processed  through  a  63  MHz  bandpass  filter  with  a  bandwidth 
of  6  MHz,  envelope  detected,  log  amplified,  and  recorded  in  a 
modified  RCA  20 1  Video  Cassette  Recorder. 

Figure  18  shows  a  block  diagram  of  the  instrumentation  used 
to  detect  the  VHF  radiation.  To  align  the  VHF  radiation  on  the 
four  sites,  time  correlation  between  the  data  traces  must  be 
established  to  about  a  tenth  of  a  microsecond.  Reference  signals 
from  a  local  TV  station  and  time  code  were  used  to  obtain  the 
needed  time  correlation. 

•  IRIG  B  time  code  with  1  msec  resolution  was  received  at  the 
Cowpens  station  from  WWV  in  Ft.  Collins,  Colorado.  This  signal 
was  recorded  in  the  analog  tape  recorder-  In  addition,  the 
received  time  code  signal  was  modulated  at  138  MHz  and  transmit¬ 
ted  to  the  other  four  stations  and  the  aircraft.  The  detected 
signal  at  the  four  sites  was  recorded  on  the  audio  track  of  the 
video  cassettes.  The  signal  transmitted  to  the  aircraft  was  used 
to  synchronize  an  on-board  clock  to  the  same  time  code  references 
as  in  the  ground  stations.  The  antenna  needed  to  transmit  the 
time  code  signal  to  the  remote  stations  and  the  aircraft  was  also 
located  on  top  of  the  tower.  This  last  antenna  was  used  for 
calibration  purposes  by  transmitting  a  pulse  at  the  Cowpens  site 
and  measuring  the  difference  in  the  time  of  arrival  at  each  of 
the  remote  sites.  Figure  19a  is  a  photographic  view  of  the  ICO 
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100  ft.  Antenna  Tower  at 
Cowpens  Site 


b.  Typical  Remote 
VHF  Station 


Figure  19.  Ground  Station  Installations 


ft  tower  with  the  two  antennas  on  the  top.  Figure  19b  shows  one 
of  the  remote  VHF  stations.  The  recorder  was  kept  inside  the 
barrel  next  to  the  antenna. 

Horizontal  and  vertical  sync  pulses  from  WINK-TV  at  Ft. 
Myers,  Florida  were  recorded  in  the  video  cassette  recorders  and 
also  used  for  calibration.  The  vertical  sync  pulses  (VSP)  have  a 
risetime  of  a  few  microseconds,  a  duration  of  about  200  usee, 
and  a  repetition  rate  of  1.6  msec.  The  time  at  which  the  VSP 
occurs  can  be  related  to  the  IRIG  B.  The  horizontal  sync  pulses 
(HSP)  have  a  risetime  of  less  than  one  microsecond,  a  duration  of 
a  few  microseconds,  and  a  repetition'  rate  every  63  usee.  The 
rising  edges  of  the  HSP  within  two  VSP  between  the  Devil's  Garden 
station  and  each  one  of  the  remote  sites  were  aligned.  Since  the 
VHF  data  were  recorded  in  the  same  track  as  the  TV  reference 
pulses,  the  time  difference  between  corresponding  VHF  pulses  was 
determined.  In  addition  to  alignment  of  the  VHF  pulses  by  using 
the  TV  reference  signals,  VHF  calibration  pulses  were  transmitted 
from  the  Cowpens  station  and  recorded  in  all  four  stations.  To 
ensure  that  the  VHF  sources  were  correct,  calibration  pulses  were 
also  transmitted  from  the  aircraft  in  some  of  the  flights  and 
recorded  at  all  the  ground  sites.  The  source  location  of  these 
pulses  can  be  determined  and  compared  with  the  known  aircraft 
location  which  was  updated  and  recorded  every  five  seconds. 

Figure  20  shows  the  VHF  radiation  recorded  in  the  video 
cassette  at  the  four  stations  during  the  preliminary  breakdown  of 
a  ground  flash  in  the  summer  of  1979.  The  difference  in  the  time 
of  arrival  is  then  obtained  by  using  cross-correlation  and  pat¬ 
tern  recognition  techniques  as  described  by  Rustan  (Ref  27). 
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VHF  RADIATION 


SECTION  III 


DATA  PROCESSING 

1 .  AIRBORNE  DATA 

Data  acquired  during  flight  by  the  ten  channel  transient 
digitizer  were  encoded  and  stored  in  a  magnetic  tape  recorder 
with  a  2  MHz  frequency  response  as  shown  in  the  instrumentation 
block  diagram.  During  the  1980  and  1981  programs,  the  data 
windows  consisted  of  ten  simultaneous  channels  of  8192  samples 
with  an  eight  bit  resolution.  In  1979,  Biomation  8100's  with 
2048  samples  and  an  eight  bit  resolution  were  used. 

Figures  21a  and  b  show  the  techniques  used  to  transfer 
digital  and  analog  data  from  magnetic  tape  to  floppy  disks.  The 
data  windows  recorded  in  the  Honeywell  101  were  read  into  the 
Micro  Pro  decoder  unit,  then  transferred  and  stored  in  digital 
form  in  the  PDP  11/05  computer.  For  subsequent  data  identifica¬ 
tion,  sweep  rate,  input  range,  trigger  delay  time,  and  the  file 
and  channel  number  of  the  data  were  also  stored.  Since  the 
computer  memory  in  the  PDP  11/05  was  limited  to  10K,  the  data 
windows  were  read  into  the  computer  and  stored  on  disks  as  two 
4096  data  arrays. 

Figure  22  shows  an  expanded  view  of  the  instrumentation  used 
at  the  output  of  the  fiber  optic  receivers.  Since  there  were 
eleven  aircraft  sensors,  an  integrated  D  output  at  the  sensor, 
and  two  internal  wires  to  be  monitored  for  transients,  but  only 
ten  DTR  channels,  a  channel  selection  was  performed  prior  to  each 


49 


Data 


Tape 

“ir- 


Repro 


.IQ _ control 


Digital 
10  ch. 


Data 


1 


Micro-Pro 

Control 

PDP  11/05 

10  ch.  Decode] 

*  Data  J 

Computer 

10 


(  MUX 


1 


(  MUX  )  C  MUX  )  (  MUX  ) 


Display 

Display 

Display 

Display 

n 

#2 

if  2 

#4 

23 


Control 

& 

Display 

Disk 

a-  Digital  Data  Transfer 


b.  Analog  Data  Transfer 

Figure  z'> .  Techniques  for  Transferring  Digital  and 
Analog  Data  to  Floppy  Disk 

50 


Figure  22.  Expanded  View  of  Instrumentation  Used 

at  the  Output  of  the  Fiber  Optic  Receivers 


I 


flight. 

The  logged  output  data  stored  on  floppy  disks  in  the  PDP 
11/05  were  first  antilogged.  A  logarithmic  fit  was  made  to  the 
data  using  linear  regression  techniques  and  measurements  of  out¬ 
put  vs  input  voltage  through  the  logarithmic  amplifier  systems. 
The  resulting  antilog  equation  for  the  B  and  Q  sensors  was 

Vm  =  log-1  ( V o u t  -  .66  4?)  (21) 

1  .2163 

and  for  the  J  and  D  sensors  was 

y in  =  log-1  (vout— -  ,o8aa)  (22) 

.0383 

Before  the  data  were  antilogged,,  the  recorded  output  was  scaled 
to  the  input  range  and  the  DC  offset  removed.  Figures  23a  and  c 
show  an  example  of  typical  scaled  and  antilogged  waveforms  recor¬ 
ded  on  the  Q  and  B  sensors  during  a  flight  on  8  September  1980. 

The  recorded  voltage  output  of  the  sensor  was  integrated  and 
properly  scaled  to  determine  cor r espond ing  readings  of  electric 
and  magnetic  fields.  From  Gauss's  law,  the  current  flowing  in 
the  cable  connected  to  the  electric  field  plate  is  given  by 

Kt)  =  ebs  .iELLD-  (23) 


Since  the  voltage  is  measured  across  a  5C  2  load,  equation  (23) 
can  be  solved  for  the  E-field  as 
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’Y  80  Electric  (Top  Two)  and  Magnetic  (Bottom  Two) 
’ield  Waveforms  Time  in  Microseconds 


E(t) 


1 


R 


v ( X ) dX 


(24) 


The  equivalent  sensor  area  was  0.1  m2  for  Q  and  .02  m2  for  D. 
Using  time  in  microseconds,  the  integrated  value  of  v(t)  has  to 
be  multiplied  by  22598.9  and  112994  for  Q  and  D,  respectively. 
From  Faraday's  law,  the  detected  voltage  between  the  wires 
connecting  to  the  magnetic  field  sensor  is 


V(  t) 


U0S  MLLL 

dt 


(25) 


which  can  be  solved  for  H  as 


H(t) 


v( X)d\ 


(26) 


V 


J  o 


With  an  equivalent  area, A, of  0.02  m2  for  the  B  and  j  sensors,  and 
time  in  microseconds,  the  integrated  value  of  v ( t )  will  have  to 
be  multiplied  by  39.7887  to  obtain  the  correspond ing  values  of 
H(  t )  . 

The  integration  of  the  data  windows  was  performed  in  the  PDP 
11/05  using  the  standard  trapezoidal  approximation.  That  is. 


y(n)  =  y ( n- 1 )  +  I  Cx(n)  +  x(n-1)]  (27) 

2 

where  y(n)  is  the  output,  x(n)  is  the  input,  and  T  is  the  time 
between  samples.  Figures  23b  and  d  show  typical  records  of  the 
electric  and  magnetic  field  recorded  in  a  164  usee  window 
after  integration. 


54 


2 


GROUND  DATA 


Even  though  the  VHF  data  in  the  different  stations  can  be 
properly  displayed  as  shown  in  Figure  20,  instrumentation  prob¬ 
lems  in  1979  and  1980  did  not  allow  proper  correlation  of  the 
electric  field  and  VHF  records  at  the  central  ground  site  and  the 
corresponding  VHF  records  at  all  the  remote  locations.  These 
problems  were  corrected  during  1981  and  simultaneous  records  of 
the  wideband  electric  field  and  VHF  records  were  obtained  at  the 
Cowpens  site  and  compared  with  the  remote  sites.  Figure  24  shows 
a  typical  record  of  the  VHF  and  the  E-field  during  the  beginning 
of  a  cloud-to-ground  flash.  Figure  24  was  obtained  by  slowing 
down  the  analog  tape  and  displaying  the  data  in  a  10  kHz  ES  100 
Gould  Strip  Chart  recorder. 

3.  DATA  ANALYSIS 

The  data  analysis  and  interpretation  presented  in  this  re¬ 
port  are  based  on  the  airborne  data  samples  obtained  in  the 
Biomation  (1979)  and  the  the  DTR  (  1980),  and  on  partial  results 
of  the  airborne  and  analog  data  analysis  for  correlated  airborne 
and  ground  data  in  1981.  The  1981  data  interpretation  includes: 

(1)  A  correlation  between  the  ground  and  airborne  electro¬ 
magnetic  field  records  for  simultaneous  lightning  flashes  10  to 
35  km  away. 


(2) 

Analysis 

of 

airborne  analog  and 

digital  records  of 

lightning 

strikes  2 

to 

10  km  from  the  aircra 

ft. 

(3) 

Analysis 

of 

two  lightning  direct 

strikes  to  the  air- 
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craft. 


Items  (1)  and  (2)  will  be  discussed  in  SectionlV  after  the 
results  of  the  1979  and  1980  data  are  presented.  Item  (3)  will 
be  discussed  in  Section  v. 


SECTION  IV 


ANALYSIS  OF  FAR-FIELD  LIGHTNING  DATA 

During  1 97 9 »  airborne  electric  and  magnetic  fields  for  data 
windows  of  2048  samples  every  10  or  20  nsec  were  obtained  for  six 
flights.  In  1980,  the  data  window  was  increased  to  8192  samples 
every  _2 0  nsec  and  airborne  data  were  obtained  during  three 
flights.  Data  for  direct  strikes  were  not  obtained  during  these 
two  years.  Data  were  obtained  from  25  triggered  times  in  both 
1979  and  1980  with  peak  airborne  electric  fields  of  4  to  127  V/m. 
For  each  of  these  50  waveforms,  total  windows  of  40.96  usee  for 
the  1979  data  and  16  3.84  usee  for  the  1980  data  were  analyzed 
for  the  electric  field  and  the  two  directional  components  of  the 
magnetic  field.  The  results  of  the  1979  and  1980  programs  are 
summarized  first,  followed  by  partial  results  for  some  of  the  ten 
successful  flights  during  1981. 

1.  RESULTS  OF  THE  1979  AND  1980  TESTS 

The  only  useful  data  recorded  in  these  two  years  were 
obtained  with  the  airborne  digital  system.  Since  these  records 
were  of  relatively  short  duration  compared  to  the  entire 
lightning  flash,  it  was  not  possible  to  determine  with  certainty 
whether  the  event  captured  was  a  stepped  leader,  return  stroke, 
dart  leader,  K-change,  etc.  Since  the  physics  of  each  process  in 
a  lightning  flash  is  different,  the  amount  of  interpretation 
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possible  for  the  1  979  and  1980  results  was  limited.  This  limita¬ 
tion  was  eliminated  in  1981  by  ensuring  that  continuous  electric 
field  records  were  recorded  in  the  aircraft  and  on  the  ground. 

The  amount  of  pre-trigger  recording  was  set  at  approximately 
2511  of  the  data  window.  The  trigger  level  was  set  to  record  any 
waveforms  where  dE/dt  exceeded  about  1x107  V/m/s.  That  is,  a 
minimum  of  10  V/m  difference  in  the  field  over  one  microsecond 
was  needed  to  produce  a  trigger.  The  use  of  the  derivative 
trigger  allowed  detection  of  very  fast,  low  magnitude  electric 
field  pulses  which  could  cause  electrical  upsets  to  aircraft 
circuitry  if  they  coupled  to  the  aircraft.  On  the  other  hand, 
the  differential  trigger  system  might  not  detect  a  slowly 
increasing  electric  field  which  could  produce  sufficient  charge 
in  the  aircraft  to  trigger  a  lightning  discharge.  The  use  of  the 
differential  trigger  resulted  in  the  acquisition  of  many  low 
magnitude  pulses  with  very  fast  risetimes  in  both  1979  and  1980. 

a.  Time  Domain  Analysis 

Peak  electric  fields,  risetimes  and  polarities  for 
selected  1979  and  1980  data  are  summarized  in  Tables  4  and  5. 
The  criterion  used  to  select  these  waveforms  was  the  peak  field 
value.  Only  events  with  peak  field  values  greater  than  4  v/m 
were  included.  The  waveforms  marked  with  an  R  are  similar  to 
those  identified  by  Weidman  and  Krider  (Ref  6)  as  return  strokes 
during  ground  measurements.  Many  of  these  events  coincided  with 
visual  lightning  observed  from  the  cockpit.  The  A  designation  is 
given  to  any  other  recorded  event  that  does  not  have  characteris¬ 
tics  similar  to  those  of  return  strokes.  The  dE  shows  the 


59 


1979  ELECTRIC  FIELD  DATA 
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1980  ELECTRIC  FIELD  DATA 


u 

m 


+  +  +  +  +  + 


■  +  +  +  +  i 


i  +  + 


i 


o 

(Vi 


<U 

E 

•H 

-U 

0)  to 
M  > 
•H  S 
03 

\  > 
w  ^ 
< 


a>r**®a>r*»r-.r-pvf-.f«»t-»rvr*-rvrv{s.a>p*.r^r-r'*«or»tvr-. 

ooooooooooooooooooooooooo 


XXXXXXXXXXXXXXXXXXXXXXXXX 

HfOOOHOcsrsfnNfNinsOH^N^^HvouvNvjino 

H'jHHaMninnoMflN«finoo'Oh'Mnninnr-i(*ifots 


u 

<3  > 


OMnOfO'3,eiON<n»'fO"0(MO»firt'0'^Hvco'Nfnooio 


0(’i®!*iisin<'MNO<noo(no\HvoirnO'0'0-?NO\oo\ 

i — *  rlrl  .  f )HH  i-^  HH'J  CSi  r—4 


<u 

E 


u  <2 
a)  Ji 


w  C 

t4  ^ 

as 


O'oovotNOiflin^flOHinoomHONCMirunMnMrvOMnin 

0'oooofna»oa'cNimo\r-nj\cor-iNr-ifnoMj'i-i<ftM(^0'n 

■ — »  ^  . — I  (SHHkOHNHHNHHi-IHr-KNCNHr-l 


0) 


as  > 

ns  w 

at 

cu 


<rnnoO'fv05'kOr>.ooo5'0<Nr>0'<no3H«jco^oO'-4i3' 


ooo«NH(\i>Jn«jinONin<NooN(ni- imr^somosoin 
CSl  i— I  H  CMN  H  i-li*4H(NfM(Nf-IH>finHi-IHi-Uft!Ni-IH 


I 

3 

Z 

OJ 


a:  ceS 

On 

00  oo 


<  cq  a  <  ao  o 

r~4  r“H  rH  ON  O'*  ON 
On  ON  ON  On  On  on 


<  <  < 
i  i  sc  i 
<  33  < 

r-4  H  SO  <■ 

o  o  o  — i 


<  <  < 

i  <  as  os  ad  i  i  <  ad 

CO  <  CO 

^on^^ooaovoo' 

^cMfncoropnin*a-sr 


a£  os  as  os 


o  — <  cs  <r 

lOimnio 


61 


increment  of  the  electric  field  over  which  the  risetime  was 
measured.  This  value  was  sometimes  substantially  different  from 
the  peak  field  because  of  the  slow  front  of  the  wave  (Ref  6). 

The  data  from  1980  had  to  be  anti-logged  before  further 
processing.  For  both  years,  the  data  were  numerically  integrated 
using  equation  (27).  Figure  23  illustrates  the  electric  and 
magnetic  field  for  a  typical  R  waveform  before  and  after  integra¬ 
tion.  Figure  23b  shows  the  characteri sties  of  a  return  stroke 
waveform  which  includes  a  slow  front  of  1-3  usee  and  a  fast  front 
on  the  order  of  a  few  hundred  nanoseconds. 

There  are  no  standard  techniques  for  measuring  the  risetime 
for  this  type  of  waveform.  Baum  (Ref  5)  and  Weidman  and  Krider 
(Ref  6)  chose  to  use  10-90%  of  the  fast  front  of  the  waveform,  as 
illustrated  in  Figure  25.  However,  Fisher  and  Uman  (Ref  8),  Lin 
and  Uman  (Ref  3D,  and  Tiller  et  al.  (Ref  7)  measured  the  rise¬ 
time  (zero  to  peak)  of  the  entire  waveform.  The  earlier  techni¬ 
que  is  probably  more  meaningful  because  it  excludes  the  slower 
field  changes  of  the  slow  front  which  are  probably  due  to  an 
upward  going  ground  discharge.  The  earlier  technique,  however, 
does  not  produce  consistent  results  because  of  the  difficulty  in 
determining  the  slow-fast  front  transition  point.  Different 
researchers  using  this  technique  might  not  agree  on  the  choice  of 
the  transition  point  and  could  obtain  results  that  vary  by 
several  tens  of  nanoseconds. 

Because  of  the  importance  of  risetime  measurements  in 
determining  the  lightning  threat,  an  effort  was  made  to  develop  a 
consistent  method  of  calculating  risetimes.  This  was 
accomplished  by  determining  derivative  values  point  by  point  for 
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Figure  25  .  Illustration  of  How  the  10°c  -  9QT:  Rise  Times 
of  Lightning  Waveforms  were  Determined  by 
Baum  (Ref .  5  ; 
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all  the  data  in  the  fast  front  part  of  the  curve.  This  deriva¬ 
tive  array  will  show  a  maximum  at  the  time  when  the  E-field  is 
changing  most  rapidly.  By  trial  and  error  it  was  found  that 
taking  1.35  times  the  standard  deviation  of  the  maximum  field 
change  and  using  this  value  as  the  point  for  beginning  the  rise¬ 
time  calculation  produced  consistent  values  irrespective  of  the 
slow-fast  transition  point  chosen  by  the  operator.  If  only  one 
standard  deviation  was  used,  the  maximum  did  not  include  enough 
points  to  satisfy  visual  determinations  of  the  faster  risetime 
range  while  using  two  standard  deviations  included  so  many  points 
that  the  consistency  of  the  technique  was  impaired.  Figure  26 
shows  four  typical  waveforms  with  risetimes  calculated  using  this 
technique.  The  second  mark  in  the  graphs  shows  the  initial  point 
used  to  measure  the  risetime.  Using  this  technique  the  average 
risetime  obtained  in  1979  was  214  nsec  with  a  standard  deviation 
of  167  nsec  and  in  1980  was  l8l  nsec  with  a  standard  deviation  of 
105  nsec.  The  fastest  and  slowest  risetimes  were  97  nsec  and  705 
nsec  for  1979  and  83  nsec  and  615  nsec  for  1980.  Figure  27  shows 
a  histogram  of  the  risetimes  for  all  50  events.  It  is  important 
to  note  that  since  these  data  were  recorded  in  the  air,  it  should 
have  less  attenuation  of  the  high  frequency  components  than 
similar  data  recorded  on  the  ground. 

Figures  28  and  29  show  correlated  electric  and  magnetic 
field  events  on  different  time  scales.  Even  though  it  is  theore¬ 
tically  possible  to  integrate  the  recorded  derivative  readings 
and  obtain  a  frequency  response  from  near  DC  to  about  23  MHz, 
sensor  output  voltages  below  50  uV  fall  within  the  noise  level 
and  frequency  response  below  about  600  Hz  is  not  recovered.  Th-e 
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Histogram  of  FY  79/80  Rise  Time  Data 
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upper  frequency  response  is  limited  by  the  characteristics  of  the 
software  integration  routine  with  a  20  nsec  sample  interval. 
Taking  into  account  the  lack  of  low  frequency  response  and  the 
fact  that  to  observe  the  electrostatic  component  of  the  electric 
field  this  low  frequency  response  is  needed  (Refs  7,8),  it  is 
expected  that  the  peak  airborne  electric  field  measured  between  4 
and  127  V/m  is  mainly  due  to  the  radiation  field  and  some  induc¬ 
tion  field.  The  similarities  between  the  electric  and  magnetic 
field  waveforms  in  Figure  23  are  then  justified.  Furthermore, 
the  ratio  between  .the  radiation  components  of  the  electric  and 
magnetic  fields  should  be  the  impedance  of  free  space  (Ref  32), 
and  values  between  200  and  620  ohms  were  obtained  for  the  data 
shown  in  Tables  4  and  5.  Therefore,  it  was  concluded  that  for 
some  of  the  acquired  data  the  airplane  was  closer  than  the  10  to 
5C  km  range  from  the  flash  that  would  be  expected  for  the  magni¬ 
tude  levels  that  were  obtained. 

b.  Frequency  Domain  Analysis 

The  Fast  Fourier  Transform  (FFT)  was  calculated  for  seme 
of  the  50  sample  data  windows  recorded  in  1979  and  19  80  using  a 
PDF  11/05  computer.  Even  though  a  1  6  3.84  usee  data  window  was 
available  in  1980,  the  FFT  were  only  calculated  for  the  40.96 
usee  data  window  which  shows  the  significant  triggered  event 
because  of  computer  memory  limitations.  Since  most  of  the  magne¬ 
tic  field  data  windows  were  very  similar  to  those  of  the  electric 
field,  the  FFT's  were  only  computed  for  the  electric  field  wave- 
f  orms . 
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Figure  30  shows  FFT  records  for  two  1979  and  two  1980 
triggered  pulses.  The  labeled  (a)  and  (b)  events  correspond  to 
file  numbers  13  and  15,  25  Sep  79  in  Table  4.  The  events  labeled 
(c)  and  (d)  are  file  numbers  136  and  150  in  Table  5.  As  can  be 
seen  in  Tables  4  and  5,  the  risetimes  and  peak  fields  of  these 
events  were  typical  of  the  acquired  data. 

The  FFT  was  calculated  by  using  a  rectangular  window  for  the 
40.96  usee  record  length.  For  this  data  window  the  FFT  samples 
are  spaced  24.4  kHz  apart  and  the  repetition  frequency  is  50  MHz. 
Since  the  magnitude  of  the  FFT  has  a  half  wave  symmetry,  only 
information  between  24.4  kHz  and  25  MHz  is  meaningful.  The 
magnitude  of  the  FFT  was  plotted  in  a  logarithmic  graph  as  shown 
ir,  Figure  30.  Therefore,  as  the  frequency  increases  the  samples 
become  closer  together. 

Analysis  of  these  data  shows  that  the  spectrum  of  the 
triggered  waveform  decreases  at  a  rate  faster  than  1/f  from  24. ^ 
^Hz  to  about  2  MHz.  Between  2  and  5  MHz  there  is  an  increase  in 
the  spectrum  which  produces  a  difference  in  its  rate  of  change 
and  is  probably  due  to  aircraft  resonances.  No  other  effect  in 
this  data  appears  to  be  produced  because  of  the  presence  of  the 
aircraft.  In  the  frequency  range  from  5  MHz  to  20  MHz  the  fre¬ 
quency  spectrum  decreases  at  a  rate  faster  than  l/f2.  The  rates 
of  1/f  for  the  lower  frequency  range  and  l/f2  for  the  higher 
frequency  range  have  been  suggested  in  the  literature  (Refs  1 8 , 
33)  as  a  good  approximation  of  the  spectrum  of  return  strokes. 
Hew  ever,  the  previously  reported  spectrum  data  applies  for  data 
recorded  on  the  ground.  Figure  31  compares  a  typical  spectrum 
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'10  ffts  of  Two  1979  and  Two  1980  Electric  Field  Waveforms 


of  Average  Frequency 
979-1980  Events  with 


from  airborne  data  with  the  1/f  spectrum  lower  frequency  range 
and  the  1/ f2  spectrum  for  the  higher  frequency  range.  This 
figure  indicates  that  the  spectrum  of  return  strokes  for  airborne 
measurements  decays  faster  than  1 / f 2  above  2  MHz. 

2.  PARTIAL  RESULTS  OF  THE  1981  TEST 

During  the  summer  of  1981,  many  simultaneous  electric  fields 
between  the  ground  and  the  aircraft  were  recorded.  Most  of  the 
correlated  data  is  for  lightning  between  10  and  35  km  from  the 
Cowpens  station  (Figs  15a  and  17)  with  the  aircraft  located 
within  the  outer  perimeter  of  the  remote  stations.  Correlated 
data  were  obtained  on  July  15,  16,  22,  23,  and  31  and  on  August 
25  and  27.  In  addition,  airborne  data  were  obtained  on  July  9 
and  17  and  on  August  26  and  27.  For  some  of  the  correlated  data 
there  were  four  or  five  ground  stations  recording  VHF,  one  ground 
analog  electric  field  station  and  airborne  digital  and  analog 
data  recorded  in  the  aircraft.  Correlated  airborne  data  were 
obtained  at  different  altitudes.  On  August  27th  the  aircraft 
made  seven  passes  over  the  Cowpens  site  at  1500  feet  altitude 
(MSL)  with  lightning  between  10  and  20  km  from  the  site.  On 
August  25th  the  aircraft  made  three  passes  at  an  altitude  of  8000 
feet  and  two  passes  at  5000  feet  with  lightning  between  5  and  20 
km  from  the  site.  All  the  remaining  data  were  collected  at  an 
altitude  of  about  15000  feet. 

There  were  two  confirmed  direct  attachments  to  the  aircraft. 
Those  occurred  at  17:21:44  EDT  on  July  17th  and  at  17:09:45  EDT 
on  August  26th.  Both  of  these  direct  strikes  will  be  fully 
analyzed  in  Section  V  of  this  report. 
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Including  all  12  flights,  5193  data  windows  of  164  Msec 
with  20  MHz  frequency  response  were  recorded  in  the  Digital 
Transient  Recorder  (DTK).  To  analyze  these  high  resolution  data 
windows  and  to  determine  the  correlation  of  these  events  with  the 
continuous  recording  of  analog  data  in  the  aircraft  and  on  the 
ground,  several  events  were  chosen  for  each  storm  day  for  which 
simultaneous  data  existed.  The  selected  events  had  to  meet  at 
least  one  of  the  conditions  enumerated  below: 

1.  Aircraft  location  was  within  20  km  of  the  Cowpens  site 
-and  a  digital  data  window  was  obtained  in  the  aircraft  for  a 

flash  within  about  25  km  of  the  Cowpens  station. 

2.  The  corresponding  electric  field  analog  data  during  a 
DTR  event  at  the  ground  site,  the  aircraft,  or  both,  exceeded  100 
V/m.  . 

3.  The  DTR  data  for  the  electric  field  exceeded  100  V/m. 

a.  Analysis  of  the  Correlated  Airborne/Ground  Data  for 

5  Flashes 

(1)  The  174731  Flash,  27  Aug  81 

Data  obtained  for  a  flash  where  the  aircraft  was  located 
right  over  the  Cowpens  station  at  an  altitude  of  1500  ft  on 
August  27th  at  17:47:31  are  first  presented.  Figure  32  shows  the 
electric  field  waveform  for  the  entire  flash  as  recorded  in  the 
aircraft  (Fig  32a)  and  on  the  ground  (Fig  32b).  Since  the  low 
frequency  response  for  the  ground  E-field  is  about  0.2  Hz  versus 
about  0.5  Hz  in  the  aircraft,  the  airborne  waveform  decays 
slightly  faster  than  the  cor responuing  ground  data.  The  overall 
structure  of  the  lightning  flash  was  quite  complex.  Figure  33 
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a.  Waveform  Recorded  on  the  Aircraft  (Horizontal  Scale 
is  100  ms/div.  Vertical  Scale  is  110  V/m/div.) 


b.  Waveform  Recorded  on  the  Ground  (Horizontal  Scale  is 
100  ms/div.  Vertical  Scale  is  30  V/m/div.) 

Figure  32  Airborne  and  Ground  Electric  Field  Waveforms  Recorded 
on  27  Aug  81  at  1 7 : A7 : 3 1 . 


Figure  33.  Five  Second  Window  Showing  the  Electric  Field 
Waveform  Recorded  on  the  Aircraft  at  17:47:31 
on  27  Aug  81.  (Horizontal  Scale  -  500  ms/div. 
Vertical  Scale  -  112  V/m/div.) 


shows  a  five  second  window  including  the  waveform  as  recorded  on 
the  aircraft.  For  the  first  400  ms  the  structure  of  the  E-field 
appears  to  indicate  an  intracloud  discharge  which  is  followed  by 
a  cloud- to-g round  discharge.  The  different  polarity  of  the 
intracloud  and  cloud-to-ground  discharge  indicates  the  flash 
occurred  at  a  distance  greater  than  about  8  to  10  km  from  the 
measuring  point  (Ref  33),  which  is  consistent  with  the  low  magni¬ 
tude  of  the  field.  The  last  400  ms  of  the  discharge  are  charac¬ 
terized  by  a  return  stroke  preceded  by  a  stepped  leader  and  what 
appeared  to  be  another  intracloud  discharge  about  80  ms  after  the 
return  stroke.  The  polarity  of  the  stepped  leader  prior  to  the 
return  stroke  also  indicates  that  the  horizontal  distance  from 
the  measuring  location  is  greater  than  the  height  of  the  point 
charge  neutralized  by  the  discharge.  Figure  34  shows  correlated 
pictures  of  the  electric  field  and  the  VHF  radiation  as  recorded 
simultaneously  at  the  Cowpens  station.  Figure  34a  shows  a  one 
ms/div  scale  comparison  of  these  waveforms  and  Figure  34b  shows 
the  same  comparison  with  a  scale  of  50  usec/div.  A  large  VHF 
pulse  occurs  20  to  40  usee  after  the  beginning  of  the  return 
stroke.  Similar  time  differences  between  the  beginning  of  the  E- 
field  and  for  the  VHF  pulse  for  the  return  stroke  have  been 
observed  by  other  investigators  (Refs  12,  28  and  3*0.  This  is 
probably  because  the  VHF  radiation  originates  at  the  cloud  level 
and  it  takes  this  much  time  before  the  near  ground  return  stroke 
pulse  propagates  to  the  originating  region  in  the  cloud. 

The  magnitude  of  the  electric  field  change  in  Figure  32a  is 
about  360  V/m  and  the  total  magnitude  change  in  Figure  32b  is 
only  about  100  V/m.  That  is,  the  electric  field  measured  in  the 
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a.  One  msec/div  Time  Resolution 


b.  Fifty  ysec/div  Time  Resolution 


Figure  34.  Correlated  Electric  Field  and  VHF  Radiation  as 

Recorded  on  the  Ground  in  the  Vicinity  of  a  Return 
Stroke  at  Two  Different  Time  Resolutions  (Vertical 
Scale  is  30  V/m/di  v  .  ) 
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aircraft  FUF  is  about  3.6  times  the  ground  measurement.  A  simi¬ 
lar  relationship  was  observed  when  an  expansion  of  the  first 
return  stroke  was  taken.  Figures  35a  and  b  show  simultaneous 
waveforms  for  the  first  return  stroke  at  the  aircraft  and  on  the 
ground,  respectively.  The  electric  field  change  for  the  first 
return  stroke  was  about  42  V/m  in  the  aircraft  and  about  15  V/m 
on  the  ground  which  gives  a  ratio  of  2.8  between  aircraft  and 
ground  measurements.  That  is,  the  aircraft  upper  fuselage  sur¬ 
face  field  is  enhanced  by  a  factor  of  about  3  when  compared  to 
the  ground  incident  field.  The  airborne  analog  data  were  ob¬ 
tained  using  two  different  channels  with  an  overall  range  from 
about  20  V/m  to  about  10,000  V/m.  Since  42  V/m  is  near  the 
lowest  detectable  level  of  about  10  V/m,  the  si gnal- to- noi se 
ratio  in  Figure  35a  is  low  and  it  is  difficult  to  study  the  fine 
structure  of  the  airborne  return  stroke.  However,  since  four 
different  channels  were  used  for  the  electric  field  on  the 
ground,  a  better  signal-to-noi se  ratio  can  he  achieved  for  lower 
magnitudes.  The  ground  return  stroke  waveform  in  Figure  35b 
exhibits  properties  similar  to  those  previously  reported  in  the 
literature  (Refs  6,  7,  and  8)  and  in  Figure  25.  However,  the 
fast  front  is  about  2  ysec  instead  of  the  hundred  nanosecond 
range  presented  earlier  in  this  report  for  the  high  resolution 
data  of  1979  and  1980.  It  should  also  be  noted  that  the  500  kHz 
bandwidth  did  not  limit  the  risetime  for  these  waveforms. 
Another  important  comparison  is  presented  in  Figure  36.  Figure 
36a  shows  correlated  traces  of  the  electric  and  magnetic  field 
(top  and  bottom  traces,  respectively).  A  wider  window  of  the 
trace  in  Figure  35a  is  shown  on  the  top  trace  of  Figure  36a  and 
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a.  Electric  Field  at  the  Aircraft 
Vertical  Scale:  14  V/m/div 
Horizontal  Scale:  lOys/div 


b.  Electric  Field  on  the  Ground 
Vertical  Scale:  3  V/m/div 
Horizontal  Scale:  lOys/div 


Figure  35.  First  Return  Stroke  as  Recorded  Analog  FM 
Channels  with  500  kHz  Bandwidth. 
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a.  Electric  (Top  Trace)  and  Magnetic  (Bottom  Trace)  Fields 
at  50  usec/div  Resolution.  The  display  of  the  Magnetic 
Field  is  Saturated  at  the  Time  of  the  Return  Stroke. 
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b.  Expansion  of  Magnetic  Field  Trace  (Bottom  of  a  above). 
Horizontal  Scale  is  10 usec/div. 

Figure  36.  Correlated  Airborne  Electric  and  Magnetic  Fields  for  a 
Return  Stroke. 
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the  corresponding . magnetic  field  recorded  on  a  direct  record 
channel  with  1.5  MHz  frequency  response  of  an  analog  tape  recor¬ 
der  is  shown  on  the  bottom  trace.  An  expansion  of  the  magnetic 
field  is  shown  in  Figure  36b.  The  return  stroke  characteristic 
of  the  airborne  magnetic  field  with  a  window  of  10  usee  per  divi¬ 
sion  in  Figure  36b  correlates  well  with  the  ground  electric  field 
in  Figure  35b.  At  1500  feet  it  is  expected  that  the  incident 
electric  field  in  the  air  will  be  the  same  as  the  incident  field 
on  the  ground  for  lightning  flashes  over  20  km  away  (Ref  35). 
Indeed,  this  is  the  case  for  these  data,  except  for  the  relative 
magnitude  of  the  field.  The  fact  that  the  airborne  readings  are 
about  3  times  larger  than  the  ground  is  because  the  actual  mea¬ 
sured  field  is  the  surface  field  on  the  aircraft  which  is  being 
enhanced  by  a  factor  of  about  2.8  with  respect  to  the  incident 
field  at  the  location  of  the  aircraft.  The  actual  aircraft 
measurements  of- the  field  could  be  corrected  by  this  enhancement 
factor.  However,  all  the  measured  airborne  quantities  in  this 
report  represent  the  surface  fields  and  they  are  not  corrected  by 
the  enhancement  factor.  This  enhancement  factor  of  nearly  3  was 
also  verified  for  two  other  flashes  when  simultaneous  measure¬ 
ments  were  taken  right  over  the  Cowpens  station  with  the  aircraft 
flying  at  5,000  and  8,000  ft  MSL. 

A  high  resolution  DTR  data  window  was  recorded  for  this 
flash  at  about  185  ms  prior  to  the  return  stroke.  Figures  37a 
and  b  show  correlated  waveforms  of  the  electric  field  and  the 
trigger  pulse,  respectively.  The  corresponding  electric  field 
pulse  at  the  time  of  the  trigger  event  is  shown  with  an  arrow  in 
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Figure  37.  Correlated  Waveforms  for  a  Flash  at  17:47:31  of  the  Ele 
Field  in  the  Forward  Upper  Fuselage  and  the  Trigger  Pul 
by  the  DTR  to  Obtain  a  High  Resolution  Data  Window. 


Figure  37a.  The  sensor  signal  used  to  trigger  the  DTR  during 
August  27th  was  the  derivative  signal  of  the  Q-Dot  sensor  located 
at  the  aft  upper  fuselage.  Even  though  the  derivative  trigger 
threshold  of  the  DTR  detected  a  pulse  on  the  Q-Dot  sensor,  no 
significant  change  was  detected  in  the  electric  field  at  the 
forward  upper  fuselage  (see  Figure  37a  at  the  arrow).  The  low 
level  of  the  correlated  pulse  in  the  electric  field  record  may  be 
due  to  different  aircraft  sensitivity  to  the  various  sensors  and 
their  respective  locations.  To  ensure  that  high  frequency  reso¬ 
lution  was  available  from  all  the  electric  and  magnetic  field 
sensors,  the  choice  of  the  trigger  signal  was  varied  after  each 
flight  to  fully  study  each  sensor  response. 

Three  164  usee  data  windows  at  the  time  of  the  trigger  are 
shown  in  Figure  38.  Figure  38a  shows  the  trigger  signal  from  the 
Q-Dot  sensor  whereas  38b  and  c  show  the  same  event  on  the  magne¬ 
tic  field  sensors  oriented  physically  in  the  nose-to-tail  direc¬ 
tion  and  wing-to-wing  direction,  respectively.  Arrows  indicate 
the  actual  pulse  that  triggered  the  DTR.  The  first  43  usee  of 
the  data  is  the  amount  of  time  used  in  the  pre-trigger  mode. 
Analysis  of  the  data  in  Figure  38  shows  that  the  very  fast  pulse 
had  a  risetime  of  about  200  nsec  while  the  magnitudes  of  the 
electric  and  magnetic  fields  were  on  the  order  of  a  few  V/m  and 
hundredths  of  A/m,  respectively.  Since  this  pulse  is  of  such  a 
small  magnitude,  it  is  unlikely  that  it  will  produce  a  hazard  to 
any  instrumentation  during  flight.  Similar  pulses  have  been 
observed  by  Weidman  and  Krider  (Ref  36).  More  data  have  to  be 
analyzed  before  any  conclusion  on  these  pulses  can  be  obtained. 
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c.  pa  Magnetic  Field.  Wing  Co  Wing 

Correlated  164  usee  Data  Windows  from  Three  Sensors  Obtained  in  the  DTR  with  20  MHz  Frequency 


(2)  The  174616  Flash,  27  Aug  81 

Data  analysis  was  also  performed  for  a  flash  where  the 
aircraft  was  located  7  km  from  the  Cowpena  site  on  a  heading  of 
358°  degrees  at  an  altitude  of  1500  ft.  This  flash  occurred  on 
27  Aug  at  17:46:16.  Figure  39  shows  the  electric  field  waveform 
for  the  entire  flash  which  lasted  for  about  one  second  and 
consisted  of  an  intracloud  discharge  followed  by  a  three  stroke 
cloud-to-ground  discharge.  From  the  magnitude  of  the  first 
stroke  of  the  cloud-to-ground  flash,  it  is  apparent  that  the 
flash  was  about  10  km  from  the  Cowpens  site.  Since  the  aircraft 
was  7  km  from  the  ground  site,  it  is  impossible  to  make  any 
magnitude  comparison  between  the  electric  field  recorded  on  the 
aircraft,  Fig  39a,  and  on  the  ground,  Fig  39b.  It  appears  that 
the  flash  was  much  closer  to  the  ground  site.  However,  the 
structure  of  the  waveform  can  be  correlated.  It  is  noted  that 
for  several  seconds  prior  to  the  beginning  of  the  intracloud 
discharge,  halfway  through  the  trace  in  Figure  39a,  there  are 
some  variations  in  the  electric  field  record  detected  by  the 
aircraft.  This  electric  field  change  has  to  be  produced  by 
variation  of  the  charge  in  the  vicinity  of  the  aircraft  but 
probably  is  not  related  to  the  flash  being  analyzed.  A  strong 
implication  that  this  is  the  case  can  be  made  by  noting  that  this 
field  change  is  not  detected  at  the  ground  site.  An  expansion  of 
Figure  39a  is  given  in  Figure  40  where  the  variation  in  the 
electric  field  is  observed  for  two  seconds  prior  to  the 
discharge.  The  total  field  change  during  this  time  exceeds  10$ 


.  Electric  Field  Recorded  on  the  Ground. 


39.  Airborne  and  Ground  Electric  Fields  Recorded  on  27  Aug  81 
at  17:46:10.  (Vertical  Scale  -  110  V/m/dlv.,  Horizontal 
Scale  -  500  ms/dlv.) 


Figure  40. 


Expanded  Magnitude  Scale  of  the  Airborne  Electric 
Field  Record  of  Figure  39(a).  Horizontal  Scale  - 
500  msec/dlv.  Vertical  Scale  -  30  V/m/div. 


of  the  field  change  (about  15  V/m)  during  the  first  stroke  and  is 
probably  caused  by  static  electrification  of  the  aircraft.  Since 
this  flash  was  probably  located  about.  10  km  away  from  the  air¬ 
craft,  the  field  change  of  15  V/m  due  to  charge  transfer  in  the 
neighborhood  of  the  aircraft  surface  had  nothing  to  do  with  the 
occurrence  of  the  flash.  It  would  be  important. to  determine  how 
high  the  field  change  in  the  vicinity  of  the  aircraft  must  be 
before  it  can  trigger  a  lightning  flash  which  will  transfer 
charge  with  the  surrounding  medium.  This  question  is  discussed 
•  later  in  this  report.  An  answer  to  this  question  might  be  ob¬ 
tained  experimentally  in  this  program  by  analyzing  a  large  amount 
of  data. 

Figure  41  shows  correlated  waveforms  of  the  ground  electric 
field  and  VHF  radiation  in  the  neighborhood  of  the  first  return 
stroke.  The  total  duration  of  the  fast  discontinuity  during  the 
return  stroke  is  about  2  ms.  However,  the  sharp  part  of  the 
waveform  which  has  a  discontinuous  trace  on  Figure  41  only  repre¬ 
sents  about  2 OX  of  the  total  field  change.  A  sharp  discontinuity 
in  the  electric  field  record  is  also  observed  about  50  ms  after 
the  first  return  stroke.  This  discontinuity  is  referred  to  in 
the  literature as  a  K  change  (Ref  37).  Both  the  return  stroke 
and  the  K-change  have  correlated  VHF  pulses.  More  details  on  the 
correlation  for  the  first  return  stroke  are  shown  in  Figure  42. 
Charge  appears  to  be  transferred  through  the  channel  for  more 
than  one  millisecond  after  the  sharp  discontinuity  of  the  return 
stroke.  The  VHF  radiation  starts  tens  of  microseconds  before  the 
return  stroke  and  continues  for  about  1.5  ms,  ending  with 
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Figure  41.  Expanded  View  of  the  Electric  Field  and  the 
Correlated  VHF  Radiation  in  the  Neighborhood 
of  the  First  Return  Stroke.  The  Time  Scale 
Is  10  ms/dlv.  The  Magnitude  Scale  for  the 
Electric  Field  Is  30  V/m  per  Division. 
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a.  Vertical  Scale:  30  V/m/dlv. 
Horizontal  Scale:  0.5  ms/dlv. 


b.  Expanded  View  of  (a). 

Vertical  Scale:  30  V/m/dlv. 
Horizontal  Scale:  50  ysec/dlv. 


Figure  “9  Cor  ..ated  Electric  Field  and  VHF  Radiation  In 
th^  Vicinity  of  the  First  Return  Stroke. 
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another  VHF  pulse.  This  large  pulse  is  probably  caused  by  expan¬ 
sion  of  the  return  stroke  channel  into  virgin  air  above  the 
stepped  leader-return  s.troke  charge  location. 


Figure  43  shows  correlated  waveforms  for  the  return  stroke 
for  the  airborne  (a)  and  ground  systems  (b).  The  magnitude  of 
field  change  and  structure  of  the  waveform  during  the  field 
change  is  very  similar  for  both  systems.  Since  the  aircraft  was 
located  about  7  ka  from  the  Cowpens  site,  it  is  suspected  that 
the  lightning  channel  was  about  equal  distance  from  both  sides. 
The  risetime  for  these  waveforms  is  about  two  microseconds  and 
their  properties  are  similar  to  those  reported  for  first  return 
strokes  (Refs  6  and  8).  Figure  44  shows  correlated  waveforms  of 
the  airborne  electric  and  magnetic  field  in  a  window  of  100  ysec 
per  division.  The  magnetic  field  fast  field  change  cannot  be 
fully  observed  but  it  has  a  similar  risetime  to  the  electric 
field.  After  this  first  fast  magnetic  field  change  there  is  a 
large  pulse  with  a  risetime  of  about  50  msec.  This  pulse  does 
not  correlate  with  the  electric  field  record  or  the  ground  VHF 
radiation. 

Figure  45  shows  the  correlation  between  the  airborne  elec¬ 
tric  field  record  (a)  and  the  trigger  pulse  (b).  The  DTR 
recorded  an  event  about  10  msec  prior  to  the  return  stroke. 
There  does  not  appear  to  be  a  significant  pulse  in  the  electric 
field  record  which  can  be  correlated  to  the  triggered  event  but 
the  risetime  of  the  triggered  pulse  is  less  than  100  nsec.  An 
arrow  is  drawn  in  Figure  45a  at  the  time  of  the  triggered  event. 
However,  the  trigger  was  obtained  based  on  the  Q-Dot  sensors. 
Figure  46  (a),  (b)  and  (c)  shows  an  expanded  view  of  the  DTR  data 
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.  Electric  Field  at  the  Aircraft 


b.  Electric  Field  on  the  Ground 


Figure  43.  Correlated  Ground  and  Airborne  Electric  Fields  During  the 
Sharpest  Discontinuities  of  the  First  Return  Stroke 
Vertical  Scale  -  14  V/m/div.  Horizontal  Scale  - 
10  ysec/div. 


Figure  44.  Correlated  Waveforms  of  the  Electric  and 
Magnetic  Field  Recorded  at  the  Aircraft 
during  the  First  Return  Stroke.  Vertical 
Electric  Field  Scale  :  28  V/m/div.  Horizontal 
Scale:  100  ysec/div. 
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window  at  the  time  of  the  trigger  for  this  flash, 
at  43.8  ysec  after  the  beginning  of  the  record  shows  the  pulse 
that  triggered  the  DTR  system.  The  electric  field  record  from 
the  aft  upper  fuselage  in  Figure  46a  shows  a  ten  to  twenty  micro¬ 
second  wide  pulse  with  superimposed  pulses  ranging  from  fractions 
of  microseconds  to  about  five  microseconds.  Since  most  of  the 
pulses  observed  in  Figure  46a  through  c  are  within  the  noise 
level,  no  conclusions  are  made  about  their  possible  significance. 
However,  this  technique  illustrates  some  of  the  pulses  that  can 
be  recorded  in  a  derivative  triggered  system. 

Next,  an  analysis  is  presented  for  some  of  the  correlated 
data  collected  on  August  25,  1981.  During  this  flight  the  air¬ 
craft  flew  at  its  normal  altitude  of  about  15,000  feet  but  some 
data  were  collected  at  8000  and  5000  feet.  Some  results  for  the 
data  collected  for  flashes  at  the  lower  two  altitudes  are  pre¬ 
sented  and  discussed. 

(3)  The  164048  Flash,  25  Aug  81 

At  16:40:48,  a  lightning  flash  was  recorded  when  the 
aircraft  was  right  over  the'Cowpens  station  at  an  altitude  of 
5000  feet.  The  airborne  electric  field  record  for  this  flash  is 
shown  in  Figure  47.  From  this  figure  it  appears  that  the  light¬ 
ning  was  a  cloud-to-ground  flash  with  four  return  strokes.  How¬ 
ever,  the  time  between  the  return  strokes  was  almost  200  msec. 
This  interval  is  generally  too  large  for  the  return  stroke 
channel  to  have  stayed  ionized  (Ref.  37),  and  each  return  stroke 
is  likely  to  have  its  own  stepped  leader  (see  flash  at  18:18:07, 
Ref.  12).  The  airborne  and  ground  analog  records  near  the  first 
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Figure  47. 


Airborne  Electric  Field  for  a  Flash  at 
16:40:48  on  25  Aug  81.  Horizontal 
Scale  is  200  msec/div. 


return  stroke  were  expanded  to  observe  the  electric  field  record. 
Figure  48  compares  correlated  airborne  and  ground  analog  records 
during  the  first  return  stroke.  The  fast  transition  of  the  elec¬ 
tric  field  record  corresponded  to  less  than  50%  of  the  overall 
field  change  which  is  similar  to  the  two  flashes  previously 
discussed.  The  actual  risetime  of  the  fast  transition  in  the 
airborne  record  of  figure  48  is  in  the  order  of  a  few  microse¬ 
conds.  These  results  were  also  obtained  in  the  ground  electric 
field,  as  shown  in  Figure  48  (d). 

(4)  The  165414  Flash,  25  Aug  81 

At  16:54:14,  when  the  aircraft  was  at  7  km  from  the  Cowpens 
site  at  an  altitude  of  8300  feet,  a  lightning  flash  was  recorded. 
Figure  49  shows  correlated  electric  field  records  with  100 
msec/div  as  recorded  in  the  aircraft  (a)  and  at  the  ground  sta¬ 
tion  (b).  The  upper  trace  in  Figure  49(a)  is  the  trigger  pulse 
which  occurred  during  the  first  return  stroke.  From  observation 
of  the  electric  field  record  it  appears  that  the  flash  consisted 
of  an  intracloud  discharge  which  lasted  for  about  300  msec 
followed  by  a  cloud-to-ground  flash  with  three  return  strokes. 
The  intracloud  portion  of  the  discharge  has  a  negative  going 
discontinuity  in  contrast  with  positive  going  discontinuities  due 
to  the  return  strokes  which  lower  negative  charge  to  ground. 
Expanding  the  electric  field  record  in  the  area  of  this  discon¬ 
tinuity,  it  was  observed  that  this  discontinuity  lasted  tens  of 
milliseconds.  Therefore,  it  was  concluded  that  this 
discontinuity  was  not  related  to  a  positive  return  stroke  to 
ground  but  to  a  process  inside  the  cloud.  An  expansion  was  made 
of  the  ground  electric  field  record  with  500  kHz  bandwidth  in  the 
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Airborne  Electric  Field 
Horizontal  Scale:  10  msec/dlv 


c.  Airborne  Electric  Field 

Horizontal  Scale:  10  ysec/div 


b.  Ground  Electric  Field  (Top  Trace)  d.  Ground  Electric  Field 

and  Correlated  VHF  Radiation  Horizontal  Scale:  100  ysec/dlv 

Horizontal  Scale:  10  msec/dlv. 


Figure  48.  Comparison  of  Airborne  and  Ground  Records  for  a  First 
Return  Stroke  at  16:40:48  on  25  Aug  81 
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a.  Airborne  Electric  Field.  The  Top  Trace  with 
a  Discontinuity  at  the  Time  of  the  Return 
Stroke  Shows  the  Trigger  Pulse.  Vertical 
Scale: 120  V/m/dlv. 


b.  Ground  Electric  Field.  Vertical  Scale: 
80  V/m/dlv. 


Figure  49.  Comparison  of  Electric  Field  at  8300  Ft 
Altitude  and  Ground  Electric  Field  at 
16:54:14  on  25  Aug  81.  Horizontal  Scale 
100  ms/dlv. 
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FM  channel  and  the  airborne  DTR  record  with  20  MHz  bandwidth. 
The  first  return  stroke  is  compared  in  Figures  50(a),  (b),  and 
(c)  using  a  scale  of  80  ^sec  and  8  usee  per  division  for  the 
airborne  data  and  50  usee  per  division  for  the  ground  data.  The 
characteristics  of  the  return  stroke  recorded  in  the  aircraft 
with  20  MHz  bandwidth  are  comparable  to  the  ground  recording  with 
500  kHz  bandwidth.  The  risetime  for  this  event  was  calculated 
using  the  technique  previously  explained  for  the  1979  and  1980 
DTR  data.  The  risetime  for  the  return  stroke  was  about  one 
microsecond,  which  is  longer  than  those  summarized  in  Figure  27. 

(5;  The  162855  Flash,  25  Aug  81 

At  16:28:55,  a  seven  stroke  cloud-to-ground  lightning 
flash  was  recorded  simultaneously  at  the  aircraft  and  ground 
stations.  The  aircraft  was  located  20  km  away  from  the  Cowpens 
site  at  an  altitude  of  11,000  ft.  Figure  51  shows  the  electric 
field  record  of  the  entire  flash  as  recorded  in  the  continuous 
recording  analog  tapes  with  2  MHz  response  in  the  aircraft  and  at 
the  ground  sites.  The  first  three  return  strokes  in  the  flash 
were  preceded  by  stepped  leaders.  These  return  strokes  had 
risetimes  of  400  nsec,  500  nsec,  and  2  usee.  The  first  two 
return  stroke  risetimes  might  have  been  bandlimited  by  the  2  MHz 
frequency  response.  The  fifth  return  stroke  in  the  flash  was 
captured  by  the  20  MHz  Digital  Transient  Recorder  (DTR).  Looking 
at  all  the  analog  records,  it  appears  that  the  fifth  return 
stroke  has  the  fastest  risetime.  The  risetime  of  the  fastest 
part  of  the  fifth  return  stroke  is  about  100  nsec.  Figure  52 
shows  correlated  records  of  the  electric  and  magnetic  fields  in 
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Airborne  Electric  Field  OTR  Record 
Vertical  Scale:  30  V/m/div. 
Horizontal  Scale:  80  psec/div. 


1  Hr 

rw  p  r 

_ a _ 

Airborne  Electric  Field  DTR  Record 
Vertical  Scale:  30  V/m/div. 
Horizontal  Scale:  8  psec/div. 


Ground  Electric  Field  Analog  Record 
Veritcal  Scale:  20  V/m/div. 
Horizontal  Scale:  50  psec/div. 


Figure  50.  Comparison  of  an  Airborne  Electric  Field  DTR  Record 

to  the  Corresponding  Ground  Electric  Field  Analog  Record. 
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a.  Airborne  Electric  Field 
Horizontal  Scale  82  ms/div 
Vertical  Scale  600  V/m 


b.  Ground  Electric  Field 

Horizontal  Scale  100  ms/div 
Vertical  Scale  30  V/m 

Figure  51.  Comparison  of  Airborne  and  Ground  Records  for 
the  162855  Flash  on  25  Aug  81. 
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a.  Airborne  Electric  Field  Record  (Top) 
and  Airborne  Magnetic  Field  Record 
(Bottom).  Horizontal  Scale  16  ysec/div 


b.  Ground  Electric  Field 

Horizontal  Scale  16  ysec/div 


Figure  52.  Comparison  of  Airborne  Electric  and  Magnetic 
Fields  (a)  and  Ground  Electric  Field  (b)  for 
the  Fifth  Return  Stroke  at  16:28:55  on 
25  Aug  81. 
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the  aircraft  (Fig  52a)  and  the  electric  field  on  the  ground  for 
the  fifth  return  stroke  with  a  scale  of  16  usec/div.  An  expan¬ 
sion  of  the  magnetic  field  for  the  fifth  return  stroke  obtained 
from  the  20  MHz  digital  recorder  is  shown  in  Figure  53  with 
scales  of  4  usec/div  and  400  nsec/div. 

We  also  compared  the  correlated  return  stroke  electric 
fields  for  all  the  other  return  strokes  in  the  flash  based  on  the 
data  obtained  in  the  analog  records.  The  airborne  and  ground 
electric  field  records  are  very  similar  as  observed  in  Figure  52. 
This  is  the  expected  result  in  the  far  field. 

Figure  54  shows  a  comparison  of  the  ground  electric  field 
and  the  correlated  airborne  magnetic  field  for  the  second  return 
stroke.  As  may  often  be  the  case  due  to  the  relative  location  of 
the  flash,  the  B-field  waveform  is  inverted  with  respect  to  the 
E-field  but  the  structure  of  the  waveforms  is  the  same. 

(6)  Summary  of  the  Correlated  Ground/ Airborne  Electric  and 
Magnetic  Field  Records 

In  the  previous  sections  correlated  electric  and  magne¬ 
tic  field  records  were  presented  for  five  lightning  flashes  that 
occurred  when  the  flash  was  within  35  km  of  the  aircraft  and  the 
Cowpens  site.  It  was  shown  experimentally  that  the  ground  and 
airborne  electric  and  magnetic  field  waveforms  produced  by 
lightning  had  similar  characteristics.  However,  the  magnitude  of 
the  surface  field  in  the  air  is  usually  two  or  three  times  larger 
than  the  incident  field  recorded  on  the  ground.  It  was  shown 
that  the  risetime  observed  in  the  airborne  and  ground  electric 
field  records  during  return  strokes  varies  from  about  100  nsec  to 
several  microseconds.  Even  though  the  return  stroke  pulses  are 


105 


.gure  53.  Magnetic  Field  Recorded  in  the  Airborne  DTR  during 
the  Fifth  Return  Stroke  '.a!  Scale:  -*  ..sec/di v 
Co)  Scale:  ^00  nsec/div. 
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b.  Ground  Electric  Field 
Scale  16  psec/div 

Figure  54.  Correlated  Airborne  Magnetic  Field  and  Ground 
Electric  Field  for  the  Second  Return  Stroke 
in  Flash  at  16:28:55  on  25  Aug  81. 


the  largest  pulses  encountered  in  the  electromagnetic  field 
records,  they  are  not  necessarily  the  fastest  pulses.  We  have 
observed  many  pulses  faster  than  return  strokes  during  the  preli¬ 
minary  breakdown,  the  leader  phase,  the  J-change  process,  and  the 
intracloud  discharge.  The  risetimes  of  these  pulses  are  on  the 
order  of  tens  of  nanoseconds.  Derivative  trigger  devices  used  to 
capture  a  time  domain  window  with  a  larger  bandwidth  will  often- 
trigger  on  events  other  than  return  stro'kes.  For  two  of  the  five 
flashes  previously  discussed  the  20  MHz  data  window  was  obtained 
185  msec  and  10  msec  prior  to  the  return  stroke  (174731  and 
174616).  Digital  data  were  shown  also  for  the  first  return 
stroke  in  flash  16541  4  and  for  the  fifth  return  stroke  in  flash 
162855.  Flash  164048  did  not  have  any  DTR  window  during  the 
duration  of  the  event.  In  1981  about  1200  of  the  5193  data 
windows  displayed  in  the  ten  channel  DTR  were  return  strokes. 
Next,  an  analysis  is  presented  for  some  return  strokes  measured 
when  the  aircraft  was  not  close  enough  to  the  ground  station  to 
permit  collection  of  simultaneous  ground  and  airborne  data. 

c.  Analysis  of  Airborne  Electric  and  Magnetic  Field  Records 
It  was  not  always  possible  to  predict  at  what  time 
thunderstorms  would  develop  around  the  Cowpens  ground  site  and  to 
have  the  aircraft  collecting  data  at  that  time.  Once  the  air¬ 
craft  was  airborne  and  if  no  thunderstorms  were  found  near  the 
ground  site,  the  aircraft  was  directed  to  find  a  thunderstorm 
within  300  km  of  the  Miami  airport  and  collect  data  at  an  alti¬ 
tude  of  16,000  ft.  In  this  section  a  discussion  of  some  of  the 
data  is  presented  for  two  of  these  days:  16  July  and  26  Aug, 
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1981.  The  DTR  was  set  to  trigger  only  on  very  large  values  so 
that  most  of  the  data  obtained  in  the. 20  MHz,  8192  sample  data 
windows  were  return  strokes. 

(1)  First  Return  Stokes 

Figures  55  and  56  represent  typical  electric  and  magne¬ 
tic  field  data  during  first  return  strokes.  From  the  airborne 
radar,  the  thunderstorm  cell  was  estimated  to  be  about  20  km  from 
the  aircraft  in  Figure  55  and  about  5  km  in  Figure  56.  The 
risetimes  were  measured  in  the  fastest  portion  of  the  return 
stroke  waveforms,  which  is  to  the  right  of  the  marks  shown  in  the 
graphs.  In  Figure  55  the  risetimes  were  287  asec  for  the  E- 
field  and  352  nsec  for  the  H-field.  In  Figure  56  the  risetimes 
were  162  nsec  for  the  E-field  and  304  .nsec  for  the  H-field.  As 
is  the  case  for  all  first  return  strokes  when  a  pre-trigger 
period  can  be  observed,  the  last  few  stepped  leaders  pulses  can 
be  observed  prior  to  the  return  stroke.  The  last  stepped  leader 
pulse  in  Figures  55  and  56  were  6  and  7  usee  prior  to  the  return 
stroke,  respectively.  The  previous  stepped  leader  pulses 
observed  in  Figure  55  were  between  5  to  7  usee  apart  but  in 
Figure  56  were  about  12  usee  apart. 

Fifty-five  first  return  strokes  captured  in  digital  windows 
on  16  July  and  26  Aug  have  been  analyzed  for  risetime.  Risetimes 
for  the  electric  and  magnetic  fields  of  the  26  strokes  collected 
on  16  July  are  displayed  in  a  histogram  in  Figure  57.  They 
average  355  nsec  and  372  nsec,  respectively.  Similar  data  for 
the  29  strokes  collected  on  26  Aug  are  shown  in  Figure  58. 
Average  risetime  for  these  electric  fields  is  170  nsec  and  for 
the  magnetic  fields,  218  nsec.  The  fact  that  the  data  for  26  Aug 
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Figure  56.  typical  first  return  stroke  magnetic  field  (top)  and  electric  field 
(bottom)  waveforms  from  a  flash  at  a  distance  of  about  5  Km. 
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Figure  58a.  Risetimes  of  E-Field  Waveforms  from  29 
First  Return  Strokes  During  a  Florida 
Thunderstorm  on  26  Aug  81. 
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Figure  58b.  Risetimes  of  H-Field  Waveforms  from  29 
First  Return  Strokes  During  a  Florida 
Thunderstorm  on  26  Aug  1981. 
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has  considerably  faster  risetimes  probably  indicates  a  degree  of 
variability  in  the  intensity  of  Florida  thunderstorms. 

Figures  59  and  60  show  the  FFTs  of  the  electric  and  magnetic 
field  data  displayed  in  Figure  56.  The  flash  occurred  at  a 
distance  of  about  5  km  from  the  aircraft.  Figures  59(a)  and 
60(a)  were  obtained  using  the  technique  described  in  Section  IV 
except  that  the  FFTs  were  determined  directly  from  the  derivative 
data.  The  data  in  Figures  59  and  60  are  typical  representation 
of  many  FFT’s  obtained  for  return  strokes  between  3  to  7  km  from 
the  aircraft.  Since  this  is  derivative  data,  to  be  comparable  to 
Figure  31  the  spectrum  should  be  constant  up  to  about  2  MHz  and 
decay  as  1/f  from  2  MHz  to  25  MHz.  This  is  very  much  the  case  in 
Figure  59  and  60  except  that  a  resonance  in  the  frequency  spec¬ 
trum  occurs  between  2  and  5  MHz.  Comparable  to  Figure  31,  above 
5  MHz  the  spectrum  decreases  at  a  rate  faster  than  1/f.  The 
variation  in  the  frequency  spectrum  from  1  to  14  MHz  are  expanded 
in  linear  plots  in  Figures  59(b)  and  60(b).  Before  an  interpre¬ 
tation  of  this  pattern  is  provided,  it  is  important  to  indicate 
that  the  FFTs  of  all  the  electromagnetic  fields  produced  by 
return  strokes  measured  in  the  aircraft  at  distances  greater  than 
about  10  km  during  the  1981  program  showed  similar  characteris¬ 
tics  to  those  described  in  Section  IV  and  summarized  in  Figure 
31  . 

A  possible  interpretation  of  the  behavior  of  the  FFT  as  a 
function  of  distance  can  be  provided  by  the  aircraft  resonances. 
Assume  that  the  aircraft  can  be  modeled  as  an  RLC  circuit  with 
transfer  function 
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Fig  59,  fft  of  the  response  of  the  electric  field  on  the 

AFT  LOWER  FUSELAGE  TO  A  FIRST  RETURN  STROKE 
(LOG-LOG  PLOT,  TOP/  1-14  MHZ  EXPANSION,.  BOTTOM) 
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Fig  FO.  fft  of  the  response  of  the  magnetic  field  on  the 

FORWARD  UPPER  FUSELAGE  TO  A  FIRST  RETURN  STROKE 
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Then  the  quality  factor  is  Q  =u^/B,  where  u)Q  is  the  center 
frequency  and  B  the  bandwidth.  The  center  frequency,  wQ,  should 
correspond  to  the  resonant  frequency  of  the  aircraft,  and,  as 
discussed  in  Section  II,  is  probably  determined  by  the  half 
wavelengths  of  nose-to-tail  and  wing-to-wing  dimensions.  These 
frequencies,  3.7  and  5  MHz  respectively,  are  in  the  2-5  MHz 
bandwidth  shown  in  Figures  59  and  60.  _ 

When  the  aircraft  is  more  than  10  km  from  the  cloud-to- 
ground  discharge,  the  high  frequency  electromagnetic  fields  equal 
to  greater  than  the  resonant  frequency  of  the  aircraft  might  be 
sufficiently  attenuated  by  ground  propagation  to  produce  no  sig¬ 
nificant  effect  on  the  overall  frequency  response.  This  might  be 
the  case  in  the  FFT  of  Figure  31.  However,  as  the  aircraft  gets 
closer  to  the  discharge  there  is  a  much  larger  high  frequency 
content  in  the  electromagnetic  fields  impinging  on  the  air¬ 
craft.  These  arguments  justify  the  resonant  frequencies  found  in 
the  FFT  in  Figures  59  and  60. 

(2)  Subsequent  Return  Strokes 

Twenty-six  subsequent  return  strokes  collected  by  the 
DTR  on  26  August  also  have  been  analyzed.  Figures  61  and  62  show 
typical  electric  and  magnetic  field  waveforms  for  two  of  these 
subsequent  strokes.  The  distances  to  the  thunderstorm  cell  esti¬ 
mated  from  the  airborne  radar  were  5  km  in  Fig  61  and  about  10  km 
in  Fig  62.  The  risetimes  measured  from  the  places  marked  in 
Figure  61  were  111  nsec  for  the  electric  field  and  250  nsec  for 
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the  magnetic  field.  In  Figure  62  the  risetimes  shown  were  183 
nsec  for  the  electric  field  and  266  nsec  for  the  magnetic  field. 
None  of  these  waveforms  exhibit  the  initial  slow  rise  or  the 
isolated  stepped  leader  pulses  which  are  characteristic  of  first 
return  strokes. 

The  histograms  of  the  risetime  for  the  electric  and  magnetic 
fields  of  these  26  subsequent  return  strokes  are  shown  in  Figures 
63(a)  and  (b).  The  average  risetime  for  the  26-events  was  260 
nsec  for  the  electric  field  and  215  nsec  for  the  magnetic  field. 
As  in  the  case  of  the  first  return  strokes,  none  of  the  measured 
risetimes  were  band-limited  by  the  20  MHz  recorder  bandwidth. 
With  this  bandwidth,  risetimes  can  be  measured  without  equipment 
limitation  to  at  least  40  nsec. 

Figures  64  and  65  show  the  FFT  of  the  response  of  the  elec¬ 
tric  and  magnetic  field  sensors  to  a  subsequent  return  stroke 
about  5  km  away  from  the  aircraft.  These  FFT  responses  are 
fairly  similar  to  those  displayed  in  Figures  58  and  59  for  first 
return  strokes  at  the  same  distance  from  the  aircraft.  There¬ 
fore,  the  previous  discussion  about  the  interpretation  of  the 
frequency  response  will  also  apply  to  subsequent  return  strokes. 

(3)  Summary  of  the  Analysis  of  the  Airborne  Electric  and 
Magnetic  Field  Return  Stroke  Records 

In  Section  IV,  an  analysis  of  55  first  return  strokes 
and  26  subsequent  return  strokes  recorded  in  the  aircraft  DTR 
with  a  20  MHz  frequency  response  has  been  presented.  The  first 
return  strokes  were  obtained  from  two  different  days.  The 
average  risetime  of  the  electric  field  waveforms  for  26  first 
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return  strokes  on  the  first  day  was  355  nsec  and  for  the  29 
events  on  the  second  day  was  170  nsec.  The  differences  in  these 
risetimes  for  a  comparable  number  of  events  were  attributed  to 
the  relative  intensity  of  the  thunderstorm.  The  risetime  in  the 
electric  field  records  for  26  subsequent  return  strokes  recorded 
on  the  second  day  was  260  nsec.  The  shape  of  the  electromagnetic 
field  waveforms  for  first  and  subsequent  return  strokes  based  on 
airborne  measurements  2  to  35  km  from  the  discharge  was  found  to 
be  similar  to  but  faster  than  those  reported  from  ground  measure¬ 
ments  (Refs  6  to  12).  However,  most  of  the  reported  ground 
measurements  were  performed  with  a  limited  frequency  response  of 
2  MHz. 


An  important  effect  of  the  aircraft  on  the  measurements  of 
the  electromagnetic  field  due  to  return  strokes  when  the  aircraft 
is  less  than  about  10  km  from  the  discharge  has  been  observed. 
At  these  short  distances,  there  is  an  increase  in  the  frequency 
components  of  the  electromagnetic  fields  at  the  resonant  frequen¬ 
cies  of  the  aircraft  (2  to  5  Mhz).  The  aircraft  resonant  fre¬ 
quencies  can  then  be  observed  in  an  FFT  of  the  data. 
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SECTION  V 


DIRECT  LIGHTNING  ATTACHMENTS 
TO  THE  AIRCRAFT 


During  the  1981  flight  test  program,  the  WC-1 30  .received  two 
direct  strikes  which  caused  minor  damage  to  the  aircraft.  These 
strikes  occurred  on  17  July  at  17:21:44  and  on  26  August  at 
17:09:45.  In  thissection,  the  electromagnetic  surface  fields 
measured  on  the  aircraft  and  the  location  of  the  thunderstorm 
activity  near  the  aircraft  for  these  two  flashes  will  be 
described. 

1.  The  Direct  Strike  on  17  Jul  81 

On  17  July  at  17:21:44,  the  air  crew  reported  a  direct 
strike  to  the  aircraft  which  was  characterized  by  a  loud  noise 
and  a  small  boom.  The  aircraft  was  flying  inside  the  cloud  in  an 
area  of  light  precipitation  at  405  km/hour  at  an  altitude  of 
17,000  ft  with  an  outside  air  temperature  of  -0.7°C.  There  was 
no  anvil  above  the  aircraft  and  the  cloud  tops  were  estimated  at 
22,000  ft. 

Figures  66  and  67  show  the  ground  weather  radar  data  ob¬ 
tained  from  the  National  Weather  Service  (NWS)  Office  at  Miami, 
Florida  superimposed  with  the  airborne  radar  and  Stormscope  data 
around  the  time  of  the  direct  strike.  The  contours  with  conti¬ 
nuous  lines  correspond  to  the  NWS  data  which  are  associated  with 
areas  of  rain  or  clutter.  Crosses  are  shown  to  surround  those 
areas  of  heavy  precipitation  observed  in  the  airborne  radar.  The 
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Weather  Radar  and  Stormscope  Data  1  Minute  after  the  Lightning  Attachment  on  17  Jul  81 


dashed  lines  are  used  to  enclose  the  regions  for  which  the  Storm- 
scope  indicated  lightning  flashes  in  the  five  minutes  prior  to 
the  time  of  the  figures.  '  The  locations  of  the  aircraft  and 
ground  station  are  shown  in  both  maps.  From  these  data  it  ap¬ 
pears  that  the  aircraft  was  near  the  edge  of  the  cloud  in  an  area 
of  weak  precipitation  when  the  lightning  attachment  occurred. 

Time  windows  of  400  msec,  82  msec,  4  msec,  and  164  usee  are 
used  to  display  this  strike.  The  event  was  not  recorded  in  the 
DTR;  therefore,  all  the  electromagnetic  field  data  presented  here 
were  obtained  by  displaying  the  continuous  analog  data  which  are 
limited  by  a  frequency  response  of  2  MHz.  The  sensor  outputs 
presented  here  are  from  the  electric  field  forward  upper  fuselage 
(E  FUF),  electric  field  aft  lower  fuselage  (E  ALF),  magnetic 
field  loops  oriented  to  measure  the  current  in  the  nose-to-tail 
and  wing-to-wing  directions  (H  NT  and  H  WW)  and  the  derivative  of 
the  current  sensors  on  the  aft  upper  fuselage  (J  AUF),  left  upper 
wing  ( LUW) ,  left  lower  wing  (J  LLW)  and  right  upper  wing  (J  RUW). 
The  measurements  from  the  magnetic  field  and  current  sensors  were 
converted  to  uniform  current  flow  using  an  absolute  calibration 
of  the  aircraft  model  as  given  by  Burrows  (Ref  38). 

a.  The  400  msec  Data  Windows 

Figure  68  shows  the  data  collected  from  all  the  sensors 
during  the  flash.  The  flash  lasted  about  300  msec  and  consisted 
of  two  phases.  The  first  phase  of  about  76  msec  consisted  of 
pulses  tens  of  microseconds  apart  with  a  duration  of  several 
microseconds.  The  second  phase  consisted  of  three  large  solitary 
pulses  and  five  smaller  pulses  spread  out  over  224  msec. 


The  electric  field  in  the  E  FUF  and  E  AUF  sensors  saturated 
at  ±2500  V/m  and  ±500  V/ra,  respectively.  The  magnetic  field 
sensor  oriented  to  measure  maximum  current  flow  in  the  nose-to- 
tail  direction  saturated  at  about  ±1.6  A/m,  but  the  magnetic 
field  sensor  to  measure  maximum  current  flow  in  the  wing  direc¬ 
tion  and  the  J  sensors  did  not  saturate.  The  maximum  value  of 
the  magnetic  field  in  the  wing  direction  was  about  1  A/m.  The 
maximum  uniform  current  value  corresponding  to  any  of  the  pulses 
was  650  A,  which  was  obtained  from  one  of  the  pulses  recorded  by 
the  J  AUF  sensor.  A  review  of  the  data  for  the  E  FUF,  H  NT,  H 
WW,  and  j  AUF  in  Figure  67  shows  that  most  of  the  current  flow 
occurred  across  the  fuselage.  This  is  easily  seen  because  the  E 
FUF  and  H  NT  have  the  largest  number  of  pulses  of  maximum  rela¬ 
tive  magnitude  and  they  are  w.ell  correlated.  However,  only  a  few 
of  these  pulses  are  correlated  with  the  H  WW  sensor.  In  addi¬ 
tion,  the  corresponding  values  for  the  J  sensor  on  the  aft  upper 
fuselage  are  larger  than  the  J  current  value  in  the  wing. 

The  J  sensors  are  calibrated  for  a  range  between  100  A  and 
30  kA.  These  sensors  are  always  within  the  noise  level  for 
nearby  flashes  and  are  primarily  intended  for  direct  strike 
cases.  By  correlating  the  pulses  in  the  four  J  sensors  outputs 
in  Figure  68,  the  time  and  relative  location  of  the  largest 
current  flow  in  the  aircraft  can  be  determined.  Even  though  most 
of  the  current  flow  in  the  aircraft  was  along  the  fuselage  as 
shown  by  comparing  the  H  NT  and  H  WW  readings  in  Figure  68,  there 
were  some  pulses  which  showed  correlated  magnetic  field  in  the 
wing-to-wing  direction. 


b.  The  82  msec  Data  Window 

Figure  69  shows  the  first  82  msec  data  window  for  the 
flash.  The  train  of  pulses  that  occurs  in  the  initial  active 
period  on  the  E-field  sensors  starts  to  decrease  in  magnitude  for 
several  milliseconds  after  the  first  10-15  msec  then  increases 
again  for  10-15  msec.  This  data  window  contains  most  of  the 
very  active  portion  of  the  flash  and  the  different  pulse  repeti¬ 
tion  rates  can  be  observed.  The  beginning  of  the  flash  has  a 
high  pulse  repetition  rate  of  10  pulses  per  millisecond  for  about 
43  msec  and  the  following  25  msec  has  a  slower  rate  of  about  2 
pulses  per  millisecond.  The  readings  of  the  three  electric  field 
sensors  and  the  magnetic  field  sensors  in  the  nose-to-tail  direc¬ 
tion  were  saturated  at  the . beginning  of  the  flash.  At  least  one 
large  pulse  is  correlated  on  all  the  sensor  outputs  during  the 
first  5  msec  of  the  flash. 

c.  The  4  msec  Data  Window 

The  two  four  millisecond  windows  shown  in  Figures  70  and 
71  cover  the  first  8  msec  of  the  flash.  The  first  4  msec  window 
begins  with  the  activity  just  prior  to  the  start  of  the  flash  and 
the  second  4  msec  window  begins  about  the  time  the  first  4  msec 
window  ends. 

Figure  70  shows  the  first  evidence  of  the  flash.  A  slow 
field  change  of  about  -1800  V/m  occurred  on  the  E  FUF  sensor 
during  a  period  of  about  42  usee.  Also,  during  this  period  the  E 
AUF  sensor  output  increased  to  about  200  V/m.  These  low 
frequency  pulses  suggest  a  leader  propagation.  Since  the  E  FUF 
sensor  recorded  a  greater  field  change.it  can  be  assumed  that  the 
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leader  was  closest  to  the  nose  and  extended  to  higher  altitude. 
Also,  there  is  some  activity  in  the  H  NT  sensor  during  this 
period,  indicating  current  flow  along  the  fuselage.  This  may 
indicate  that  the  leader  was  propagating  from  the  aircraft  to  the 
cloud  charge  center  or  that  a  streamer  was  leaving  the  aircraft 
to  meet  the. leader  which  was  propagating  down  from  the  cloud. 
The  apparent  leader  propagation  lasts  less  than  200  usee.  This 
short  duration  of  the  leader  field  change  may  be  due  to  instru¬ 
ment  limitation.  The  frequency  response  of  the  sensors  only  goes 
down  to  about  5  kHz  and  a  typical  leader  steady  field  change 
would  not  be  detected. 

The  first  fast  field  change  of  the  sensors  shown  as  "1"  in 
Figure  70  occurred  about  190  usee  after  the  initial  field  change 
and  it  reached  3200  V/m  in  the  E  FUF.  Also,  the  E  AU  F  and  H  NT 
recorded  correlated  pulses  with  a  field  change  of  1000  V/m  on  the 
E  AUF  and  3.25  A/m  on  the  H  NT.  The  second  correlated  pulse  ("2" 
in  Figure70)  was  correlated  on  all  the  sensors  and  was  the  first 
fast  field  change  seen  on  the  H  WW  and  all  of  the  J  AUF  sensors. 
This  was  one  of  the  highest  amplitude  pulses  on  the  H  WW  at  about 
.7  A/m.  The  J  AUF  sensor  measured  a  current  of  about  300  A  while 
the  J  LUW,  J  LLW  and  J  RUW  measured  about  250  A,  100  A,  and  150 
A,  respectively.  Since  the  current  flow  in  the  LUW  is  greater 
than  in  the  LLW,  the  lightning  channel  probably  first  attached  to 
the  upper  part  of  the  aircraft.  The  remainder  of  the  J  sensor 
readings  s* am  to  correlate  well  with  one  another.  The  J  AUF 
recording  had  the  highest  readings  with  four  pulses  over  500  A 
and  one  pulse  near  800  A. 

Pulses  3  through  6  in  Figure  70  are  correlated  on  all  the 
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sensors  and'  represent  current  flow  along  the  fuselage  and  the 
wing.  Figure  70  also  shows  a  fast  train  of  pulses  for  about  125 
usee  on  the  E  FUF,  E  AUF,  and  H  NT  sensors  about  600  ysec  after 
the  first  fast  field  change  (pulse  1). 

The  second  4  msec  window,  shown  in  Figure  71,  has  several 
features  that  cannot  be  seen  in  the  first  4  msec  window.  The  H 
WW  sensor  shows  little  activity  after  2.1  msec.  The.LUW  sensor 
pulse  repetition  rate  is  higher  than  the  RUW  sensor  indie a-ting 
non-symmetrical  current  flow.  There  is  a  large  current  pulse  on 
the  J  AUF  which  will  be  discussed  later  for  the  164  usee  window. 

There  are  several  features  that  can  be  seen  when  looking  at 
both  4  msec  windows  together.  First,  the  total  number  of  pulses 
can  be  estimated.  There  are  around  70- discrete  pulses  during  the 
7.5  msec  after  the  initial  fast  field  change  or  a  little  less 
than  10  pulses  per  millisecond.  However,  these  pulses  do  not 
occur  on  a  repetition  basis  which  could  suggest  that  they  are 
related  to  any  of  the  aircraft  resonant  frequencies. 

The  total  number  of  pulses  for  the  flash  was  estimated 
at  1 80  to  200  pulses  by  looking  at  the  display  in  Figures 
69,  70  and  71. 

d.  The  164  ysec  Data  Window 

A  164  ysec  data  window  is  shown  in  Figure  72  around  the 
time  of  pulse  6  in  Figure  70.  This  time  includes  one  of  the 
largest  pulses  -in  the  flash.  As  previously  discussed,  the  E  FUF, 
E  AUF  and  H  NT  pulses  are  saturated.  The  bottom  four  waveforms 
represent  the  result  of  using  the  computer  integration  routine 
discussed  in  Section  3  to  integrate  the  J  data.  Calculation  of 
charge  transfer  can  be  done  by  first  determining  the  uniform 
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current  by  using  the  Burrows  computer  calibration  for  the  air¬ 
craft  (Ref  38)  and  then  measuring  the  risetime  of  the  pulse  to 
calculate  the  charge.  The  estimated  charge  in  the  J  AUF  by 
using  this  technique  was  8.15  m ill i coul om  bs.  This  value  is  in 
the  order  of  magnitude  of  several  m il 1 i co ul om bs  suggested  by 
Shaeffer  (Ref  36)  as  the  maximum  charge  an  aircraft  can  hold. 

The  risetimes  of  most  of  the  unsaturated  pulses  in  the  flash 
were  analyzed  from  data  windows  of  164  usee.  Table  6  shows  the 
risetimes  for  ten  of  the  largest  unsaturated  pulses  for  four  of 
the  sensors.  The  term  BL  is  used  to  indicate  that  the  pulse  was 
band-limited  due  to  the  2  MHz  upper  frequency  response  of  the 
analog  recorder.  The  fastest  risetime  that  can  be  accurately 
measured  with  this  recorder  is  about  350  nsec.  Any  pulse  with 
risetime  around  350  nsec  is  considered  band-limited  and  shown  as 
BL.  A  dashed  line  in  Table  6  indicates  that  the  pulse  was  too 
small  on  that  sensor  for  an  accurate  risetime  measurement. 

e.  Damage  and  Continuing  Current  Calculation 

Damage  to  the  aircraft  was  caused  by  a  continuing 
current  stroke  as  it  swept  across  nine  fastening  screws  spread 
along  the  upper  fuselage  from  a  spot  outside  the  copilot's  window 
to  a  spot  near  the  wing.  Figure  73  shows  some  of  the  pits 
produced  during  the  attachment.  Also,  one  of  the  two  antenna 
wires  mounted  between  the  upper  fuselage  and  the  stabilizer  was 
burned  in  half. 

A  laboratory  test  was  performed  to  estimate  the  continuing 
current  necessary  to  produce  the  same  amount  of  damage  as  seen  on 
the  aircraft.  The  distance  between  the  nine  burned  rivets  ranged 
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from  33  cm  to  158  cm  for  a  total  length  of  5.4  meters.  The  total 
(Juration  of  the  swept  stroke  can  be  estimated  by  dividing  this 
distance  by  the  aircraft  speed  of  405  km/hr  or  112  m/sec.  This 
results  in  a  total  attachment  of  48.2  msec  and  an  average  dwell 
time  of  47.7/8  =  5.96  msec.  The  charge  transfer  to  produce  a 
burn  in  a  rivet  which  is  comparable  to  the  one  in  the  aircraft 
was  estimated  by  increasing  the  current  in  a  simple  (source 
voltage)/(resistor)/(aircraft  rivet)  circuit.  A  current  of  35  A 
for  a  duration  of  9  msec  was  needed  to  produce  the  same  burn  in 
the  rivet.  Therefore,  the  charge  transfer  was  estimated  as  35  x 
9  =  .315  coul  and  the  continuing  current  as  -.315/5.96  =  52.9  A. 

This  value  of  continuing  current  in  the  flash  could  have 
been  measured  directly  from  the  magnetic  field  recordings  if  the 
sensors  had  a  frequency  response  down  to  near  DC.  But  since  the 
frequency  response  was  limited  to  a  few  kilohertz,  the  continuing 
current  level  had  to  be  estimated  by  using  this  method. 

2.  The  Direct  Strike  on  26  Aug  81 

On  26  August  at  17:09:45,  the  aircrew  reported  a  second 
direct  strike. to  the  aircraft,  again  characterized  by  a  loud 
noise  and  a  small  boom.  The  aircraft  was  flying  at  333  km/h r  at 
an  altitude  of  16,000  ft.  with  an  outside  air  temperature  of 
+5°C.  It  was  inside  a  cloud  in  an  area  of  slushy  precipitation 
in  a  rapidly  building  part  of  the  cloud  formation.  There  was  a 
large  anvil  above  the  aircraft  and  the  cloud  tops  were  estimated 
as  30,000  ft.  Prior  to  this  strike,  no  lightning  had  been  seen 
on  the  Stormscope  within  5  km  of  the  aircraft.  The  crew,  which 
has  experience  flying  under  adverse  weather  conditions,  esti¬ 
mated  that  the  attachment  was  made  across  the  fuselage. 


All  the  sensors  except  the  E  LWT  were  kept  at  the  same 
magnitude  saturation  levels  as  in  the  17  July  flash.  The  satura¬ 
tion  level  of  the  E  LWT  sensor  was  changed  to  320,000  V/m.  This 
sensor  did  not  saturate  during  this  direct  lightning  strike. 
With  the  exception  of  the  E  FUF,  the  frequency  response  of  all 
the  sensors  also  remained  the  same.  The  E  FUF  sensor  was  recali¬ 
brated  to  give  a  low  frequency  response  of  less  than  1  Hz.  Two 
new  experiments  were  also  implemented.  Wires  were  placed  along 
the  left  wing  and  their  induced  voltage  was  monitored  in  the 
instrumentation  recorder.  Wires  were  also  run  along  the  fuselage 
from  near  the  cockpit  area  to  the  tail  of  the  fuselage.  The 
signals  recorded  on  these  induced  wires  will  be  referred  to  as 
wing  wire  and  fuselage  wire  data. 

The  only  damage  produced  by  the  strike  was  to  two  of  the 
computer  systems  on  board  the  aircraft.  Memory  dumps  occurred  to 
these  two  computers  which  were  located  in  the  forward  fuselage 
behind  the  cockpit  area.  These  computers  operated  properly  once 
they  were  re- in i t i a  1 i zed  after  completion  of  the  flight.  This 
strike  did  not  produce  any  burn  marks.  The  aircraft  was 
searched  extensively  especially  along  the  fuselage  but  no  new 
burns  could  be  found.  This  implies  that  the  flash  had  low  or 
nonexistent  continuing  current.  The  low  frequency  response  of 
the  E  FUF  sensor  would  have  normally  detected  any  continuing 
current,  but  this  sensor  drifted  into  saturation  prior  to  the 
strike  due  to  the  rain  in  the  external  plate. 

Time  windows  of  800  msec,  82  msec,  4  msec,  1.6  msec,  and  two 
164  usee  were  used  to  analyze  this  data.  As  in  the  17  July 


flash,  we  also  calculated  the  uniform  current  from  the  Burroughs 
(Ref  38)  computer  program  for  the  two  magnetic  fields  and  the 
three  displays  of  current  density  sensors. 

a.  The  800  msec  Time  Window 

Figure  74  shows  all  four  electric  field  sensors,  the  two 
magnetic  field  sensors,  two  of  the  current  density  sensors  and 
the  voltage  in  the  wing  wire  during  the  entire  duration  of  the 
flash.  The  top  trace  is  the  E  FUF.  Eecause  of  the  low  frequency 
response,  this  sensor  drifted  into  a  saturation  level  of  over 
2000  V/m  prior  to  the  flash.  During  the  flash  this  sensor 
oscillated  between  the  positive  and  the  negative  saturation  level 
and  zero.  The  second  trace  is  the  E  ALF  which  saturated  at  a 
reading  of  about  ±.2000  V/m.  The  third  trace  is  the  E  AU  F , 
normally  referred  to  as  the  Q  sensor.  This  sensor  was  calibrated 
for  a  saturation  level  of  +800  V/m.  The  fourth  trace  is  the  E 
LWT  which  ranged  between  120,000  and  -160,000  V/m.  These  maximum 
values  occurred  near  the  beginning  of  the  flash  but  a  large  pulse 
with  magnitude  in  the  range  from  80,000  V/m  to  -10,000  V/m  occur¬ 
red  350  msec  after  the  initial  large  pulse.  The  fifth  and  sixth 
traces  are  the  magnetic  field  sensors.  The  magnetic  field  sen¬ 
sors  were  calibrated  for  ±.1.5  A/m.  The  H  N'T  became  saturated  but 
the  H  WW  remained  below  the  saturation  level.  From  the  amount  of 
activity  shown  on  the  H  NT  sensor  it  is  clear  that  most  of  the 
current  flow  was  along  the  fuselage.  The  next  two  traces  for  the 
J  AUF  and  J  LLW  sensors  were  not  saturated.  The  bottom  trace  of 
the  wing  wire  had  a  maximum  induced  voltage  of  about  30  mv. 

The  flash  lasted  460  msec  and  probably  consisted  of  an 
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active  phase  followed  by  few  isolated  pulses.  The  initial  active 
phase  lasted  about  110  msec  with  most  of  the  activity  occurring 
in  the  first  30  msec.  The  pulse  repetition  rate  during  the  first 
30  msec  reached  a  maximum  of  10^  pulses/sec  and  then  decreased. 
As  can  be  observed  in  Figure  73,  the  magnitude  of  these  pulses 
also  decreased  after  the  first  30  msec.  After  this  initial  phase 
there  was  a  quiet  period  which  lasted  240  msec  where  only  three 
pulses  on  the  order  of  a  few  hundred  V/m  were  observed  on  the  E 
ALF  sensor. 

The  largest  of  the  isolated  pulses  occurred  after  a  300  msec 
quiet  period  and  was  followed  by  a  few  other  pulses  between  25 
and  60  msec  apart.  The  largest  of  these  pulses  is  20%  lower  than 
the  largest  pulse  in  the  initial  active  phase. 

b.  The  82  msec  Time  Window 

Figure  75  shows  the  first  82  msec  time  window  of  the 
flash.  The  electric  field  pulses  during  the  active  period  of  the 
first  phase  of  the  flash  correlated  well  with  the  H  NT  indicating 
that  most  of  the  current  flow  was  along  the  fuselage.  The  J  AUF 
shows  several  large  amplitude  pulses  at  the  beginning  of  the 
flash.  Since  the  J  AUF  sensor  will  measure  current  flow  along 
the  fuselage  but  is  scaled  to  measure  thousands  of  amperes  in¬ 
stead  o-f  tens  of  amperes  as  in  the  H  NT,  it  is  possible  to 

determine  the  relative  level  of  the  H  NT  saturated  pulses  by 
•  • 
looking  at  the  J  AUF  record.  The  largest  current  flow  in  the  J 

AUF,  nearly  3  kA,  occurred  at  the  beginning  of  the  flash.  The 

activity  in  all  the  sensors  decreased  nearly  exponentially  during 


the  first  attachment.  The  bottom  two  traces  in  Figure  75  are  the 
software  integrated  results  of  the  J  AUF  an.d  J  LLW  displays. 

c.  The  4  msec  Time  Window 

The  first  indication  of  the  flash  can  be  observed  in 
the  slow  electric  field  change  obtained  on  all  four  electric 
field  sensors.  Figure  76  shows  the  first  four  millisecond  window 
for  the  four  electric  field  sensors,  the  two  magnetic  field 
sensors,  and  the  derivative  and  integrated  data  from  the  current 
density  sensor. 

The  electric  field  change  in  the  left  wing  tip  first  rises 
to  24,000  V/m  over  a  125  ysec  period  and  starts  to  decrease 
slowly.  About  350  usee  after  the  initial  field  change,  the  first 
fast  field  change  occurs  on  the  left  wing  tip.  There  were  three 
fast  field  changes  on  the  left  wing  tip,  each  lasting  a  few 
microseconds  and  about  50  usee  apart.  The  first  two  pulses 
caused  a  field  change  of  -24,000  V/m  and  the  third  was  -60,000 
V/m.  The  slow  field  change  at  the  beginning  of  the  discharge  is 
an  indication  of  a  leader  propagation;  however,  its  short  dura¬ 
tion  of  3  50  usee  before  an  abrupt  discontinuity  might  indicate 
that  pockets  of  charge  were  neutralized  just  a  few  hundred  meters 
after  the  leader  initiation.  Also,  since  no  activity  is  seen  in 
the  magnetic  field  sensors  during  the  slow  electric  field  change, 
it  can  be  assumed  that  the  leader  propagated  from  the  cloud  to 
the  aircraft.  If  the  leader  had  propagated  from  aircraft  to 
cloud  there  should  be  some  earlier  evidence  of  current  flew  on 
the  H- field  sensors  that  would  be  necessary  to  support  leader 
propagation.  Two  points  should  be  made  about  this  observed 
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leader.  First,  leader  propagation  from  cloud  to  aircraft  does 
not  necessarily  mean  a  natural  lightning  flash.  There  is  no 
other  evidence  of  leader  propagation  past  the  aircraft,  indica¬ 
ting  that  no  natural  cloud- to-ground  or  intracloud  lightning 
took  place.  Second,  the  length  of  the  leader  indicates  that  the 
charge  center  of  the  cloud  and  the  aircraft  were  within  175  m  of 
one  another.  Apparently  the  cloud  charge  center  coming  in 
contact  via  the  leader  with  the  aircraft  did  not  produce  a  high 
enough  field  to  propagate  streamers  between  the  aircraft  and 
another  charge  center  or  the  aircraft  and  ground.  .  It  seems 
reasonable  to  assume  that  this  was  a  triggered  cloud-to-aircraf t 
flash  and  not  a  natural  lightning  flash. 

The  other  electric  field  sensors  during  the  initial  125  ysec 
period  reached  only  -200  V/m  on  the  aft  upper  fuselage  and  1000 
V/m  at  the  aft  lower  fuselage  with  very  small  correlated  fast 
field  change  for  the  first  three  sharp  pulses  which  were  observed 
on  the  left  wing  tip.  This  fact  might  indicate  that  field  enhan¬ 
cement  is  larger  on  the  aircraft  wing  tips.  The  first  correlated 
fast  field  change  in  the  first  millisecond  of  the  flash  was 
observed  about  680  usee  after  the  initial  change.  The  field 
change  at  this  time  reached  100,000  V/m  at  the  left  wing  tip,  400 
V/m  at  the  aft  upper  fuselage,  and  800  V/m  at  the  aft  lower 
fuselage.  This  field  change  shown  as  pulse  (1)  in  Figure  76  is 
the  first  magnetic  field  change  detected  and  occurred  in  the 
magnetic  field  sensor  oriented  to  read  a  maximum  value  for  cur¬ 
rent  flow  along  the  fuselage.  The  magnitude  of  pulse  (1)  was  0.5 
A/m  or  about  8  A  of  uniform  current,  but  there  was  no  corre¬ 
lated  field  change  in  the  other  magnetic  field  sensor.  Since  the 
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magnetic  field  sensor  oriented  to  measure  maximum  current  flow 
perpendicular  to  the  fuselage  was  not  located  in  the  fuselage 
intersection  with  the  wing  but  about  three  meters  forward  of  the 
wing,  therefore  the  H  WW  sensor  is  not  a  true  representation  cf 
the  wing  current.  The  next  fast  field  change,  shown  as  pulse  (2) 
in  Figure  76,  is  mainly  observed  in  the  fuselage  electric  fielc 
sensor  and  in  the  magnetic  field  sensor  sensitive  to  fuselage 
current.  Pulse  (3)  in  Figure  76  is  the  first  correlated  pulse 
for  both  magnetic  fields  with  readings  of  1.4  A/m  in  the  wing-to- 
wing  direction  and  1.3  A/m  in  the  nose-to-tail  direction.  The 
actual  magnitude  of  this  pulse  on  the  magnetic  field  sensors 
might  have  been  slightly  larger  than  these  values  because  these 
readings  are  about  the  saturation  level.  Pulse  (3)  correlates 
well  with  a  pulse  on  the  order  of  600  V/m  in  the  aft  upper 
fuselage  but  the  corresponding  field  change  at  the  left  wing  tip 
and  aft  lower  fuselage  have  a  slower  risetime.  Pulse  (4)  in 
Figure  76  shows  an  important  correlation.  This  is  the  first 
pulse  which  shows  a  correlated  change  in  the  J-Dot  AUF  sensor. 
The  reading  on  the  H  NT  sensor  can  be  compared  with  the  J-Dot  AUF 
sensor.  The  J-Dot  AUF  sensor  provides  a  reading  for  larger 
values  of  current  flow  along  the  fuselage  which  will  saturate  the 
H  NT  sensor.  The  reading  in  Pulse  (4)  is  equivalent  to  about  400 
A  of  uniform  current  flow  along  the  fuselage.  The  readings  on 
the  AUF  and  ALF  electric  field  sensors  are  saturated  and  the  left 
wing  tip  shows  a  correlated  pulse  cf  -150,000  V/m.  This  pulse 
occurred  about  1.8  msec  after  the  leader  initiation.  All  the 
pulses  in  Figure  76  correlate  quite  well  on  all  the  sensors. 
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Pulse  (5)  shows  the  largest  current  flow  along  the  fuselage  which 
corresponds  to  about  3000  A.  The  channel  between  the  aircraft  and 
cloud  probably  takes  some  time  to  become  fully  established  after 
contact  is  made,  thus  delaying  the  time  before  maximum  current 
flow  is  seen.  The  time  between  the  current  bursts  on  the  J-Dot 
AUF  sensors  is  from  tens  of  microseconds  to  several  hundred 
microseconds.  The  four  largest  j  AUF  pulses,  by  using  the 
average  risetime  technique  and  applying  Burroughs  model  described 
earlier,  correspond  to  currents  of  1.2  ka,  3.0  ka,  2  ka,  and  2.2 
ka,  respectively.  They  are  separated  from  other  pulses  by  I25usec 
80  usee,  50  usee,  and  200  usee.  Given  the  shape  of  the  current 
pulses,  the  charge  on  the  aircraft  for  each  isolated  pulse  dis¬ 
charge  can  be  calculated.  This  was  done  for  two  of  the  pulses 
for  the  164  usee  analysis  and  will  be  described  later. 

There  appears  to  be  about  5-10  pulses  per  msec  on  the  E-field 
and  H-field  sensors.  If  this  can  be  considered  an  average  value 
over  the  most  active  period  of  the  flash  (30  msec),  ther.  1  50-3 00 
pulses  occurred  during  the  most  active  period.  Only  about  10  to 
20  additional  pulses  occurred  in  the  flash  after  the  initial 
active  period.  There  are  three  important  features  of  the  E  and 
H-field  pulses.  First,  they  are  variable  in  duration.  Some 
pulses  are  as  short  as  several  microseconds  while  others  last  up 
tc  300  microseconds.  Second,  about  1.1  msec  after  the  start  of 
the  first  fast  field  change,  a  375  u sec  period  of  rapid  pulse 
repetitions  occurs.  Since  the  start  of  this  period  coincides  with 
the  largest  pulse  on  the  J  AUF  sensor,  this  375  usee  period  repre¬ 
sents  the  majority  of  the  energy  transfer  during  the  flash. 
There  are  about  14  pulses  during  this  period  on  the  E  ALF,  E  AUF, 
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E  LWT,  and  H  NT  sensors. 

d.  The  1 .6  msec  Time  Window 

Figure  77  shows  a  1.6  msec  expansion  of  Figure  76. 
This  expansion  starts  about  1.25  msec  after  the  beginning  of  the 
record  in  Figure  75.  In  addition,  the  J  LLW  data  and  the  induced 
fuselage  and  wing  wire  voltage  during  this  time  period  are  in¬ 
cluded  in  the  display.  The  same  pulses  (4)  and  (5)  in  Figure  76 
are  now  shown  with  the  new  time  scale.  Pulse  (4)  produced  the 
largest  current  value  _on  the  left  lower  wing  sensor  at  over  1C00 
A  and  the  largest  induced  voltage  on  the  fuselage  wire  of  over  5 
mV.  Pulse  (5)  produced  the  largest  value  on  the  aft  upper  fuse¬ 
lage  of  nearly  3000  A.  During  these  pulses  the  wing  wire  showed 
induced  voltages  of  -120  mV  to  140  mV  but  the  140  mV  voltage 
appears  to  have  reached  a  saturated  level.  Table  7  shows  the 
maximum  values  of  current,  electric  and  magnetic  fields  and  their 
derivatives  during  the  direct  strike.  This  table  was  made  by 
taking  the  maximum  nonsaturated  pulses.  Since  the  magnetic  field 
and  the  induced  wing  wire  voltage  were  saturated  at  1.5  A/m  and 
140  mV,  respectively,  their  maximum  values  in  Table  7  are  quite 
small . 

e.  The  164  usee  Time  Window 

Time  windows  of  164  usee  for  the  10  largest  pulses  in 
the  flash  were  displayed.  Figures  78  and  79  shew  two  of  these 
data  windows.  Figure  78  corresponds  to  the  largest  pulse  on  the 
J  AUF  during  the  first  attachment.  This  is  pulse  (5)  in  Figure 
77.  Figure  79  contains  the  largest  pulse  in  the  J  AUF  after  the 
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Figure  A  1.6  msec  Expansion  at  the  Time  of  the  Largest  Individual 

Pulses  during  the  First  Attachment  of  the  Lightning  Strike 
on  26  Aug  31 


Table  7 

Maximum  Magnitudes  and  Derivatives  of  Unsaturated  Pulses 
Pulses  during  the  Lightning  Attachment  on  26  Aug  81 


Quantity 

Magnitude 

Derivative 

Uniform  Current 

3  kA 

3  kA/m-usec 

Electric  Field 

150  kV/m 

250  kV/m-usec 

Magnetic  Field 

1.5  A/m 

3.2  A/m-usec 

Induced  Voltage 

140  mV 

26  kV/Lsec 

active  phase.  These  two  current  pulses  were  integrated  to  deter¬ 
mine  the  uniform  current  flow  and  the  charge  transfer  by  each 
pulse.  Since  the  pulse  durations  are  20  usee  and  17.5  nsec, 
respectively,  the  charge  transfers  for  these  two  pulses  were  30 
mC  and  47  mC.  These  types  of  pulses  probably  account  for  most  of 
the  cnarge  transfer  during  the  flash. 

Table  8  shows  the  risetimes  which  were  calculated  using  the 
standard  10?  to  90?  of  the  fastest  portion  of  the  curve  for  all 
ten  pulses.  These  risetimes  were  determined  for  unsaturated 
pulses  only,  so  magnitude  changes  over  the  risetime  of  the  pulse 
are  also  presented.  The  maximum  risetime  for  these  pulses  was 
about  3  usee  and  the  minimum  risetime  was  limited  by  the  recorder 
bandwidth . 
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3.  SUMMARY  OF  THE  CHARACTERISTICS  OF  THE  TWO  DIRECT  LIGHTNING 

ATTACHMENTS  TO  THE  AIRCRAFT 

During  both  attachments  the  aircraft  was  more  than  50  km 
from  the  ground  site.  The  electric  field  change  at  the  ground 
site  was  not  monitored  at  the  most  sensitive  scale  at  which  the 
polarity  of  the  electric  field  could  be  used  to  distinguish 
ground  from  cloud  flashes.  If  there  had  been  a  ground  flash,  the 
leader,  after  contacting  the  aircraft,  would  have  propagated  to 
ground.  Since  the  aircraft  was  about  4.8  km  above  the  ground  in 
both  cases,  leader  propagation  from  the  aircraft  to  the  ground 
would  require  about  5  msec.  At  that  time,  the  return  stroke 
would  have  propagated  up  the  channel  and  a  fraction  of  a 
millisecond  later  should  have  caused  an  electric  field  change  at 
the  aircraft.  This  type  of  pattern  or  any  other  variations  in 
the  waveforms  that  could  be  interpreted  as  a  cloud-tc-ground 
lightning  flash  was  not  observed.  In  addition,  the  slow  electric 
field  change  at  the  aircraft  only  lasted  about  350  usee  before 
the  first  sharp  discontinuity  was  observed.  This  implies  an 
initial  leader  propagation  of  only  a  few  hundred  meters  prior  to 
attachment  to  the  aircraft  and  no  apparent  leader  propagation 
after  attachment.  This  pattern  suggests  that  the  aircraft 
initiated  the  lightning  discharge.  However,  by  comparing  sets  of 
correlated  pulses,  some  differences  can  be  observed  at  the 
beginning  of  these  two  strikes.  On  17  July  the  initial  slow 
electric  field  variation  does  have  a  correlated  H  NT  variation  as 
shown  in  Figure  70.  As  the  leader  propagation  started,  a  small 
current  flow  was  detected  along  the  fuselage.  It  may  be  that 


158 


some  type  of  streamer  propagated  from  the  aircraft  fuselage 
during  the  initiation  of  the  flash.  However,  as  pointed  out  by 
Shaeffer  (Ref  39),  for  streamer  initiation  an  external  field  at 
some  point  on  the  aircraft  must  exceed  the  breakdown  of  free 
space.  The  static  field  was  not  measured  and  it  cannot  be  con¬ 
cluded  w ith • certainty  that  a  leader  propagated  from  the  aircraft. 
The  correlated  electric/magnetic  field  pulses  were  not  observed 
during  the  26  August  strike  leading  to  the  assumption  that  the 
entire  leader  propagation  was  fror  the  cloud  toward  the  aircraft. 

During  both  strikes  the  aircraft  was  flying  in  cloud  in 
areas  of  slight  or  slushy  precipitation.  From  the  Stormscope 
display  it  appeared  that  no  natural  lightning  discharges  were 
occurring  closer  than  about  5  km  from  the  aircraft.  The  aircraft 
penetrated  these  clouds  at  1  6,000-17,000  feet  MSL  and  the  cloud 
tops  were  only  at  22,000  and  30,000  ft.  These  low  cloud  tops 
rarely  produce  lightning  discharges.  Therefore,  it  is  highly 
unlikely  that  either  of  these  flashes  was  a  natural  intracloud 
discharge  which  happened  to  make  contact  with  the  aircraft.  On 
the  basis  of  the  data  presented  here,  it  is  believed  that  both  of 
these  lightning  strikes  were  triggered  by  the  presence  of  the 
aircraft. 

The  total  duration  and  overall  structure  of  the  train  of 
pulses  presented  here  for  the  two  direct  attachments  (Figures  66 
and  7U)  are  consistent  with  other  reported  aircraft  lightning 
strikes  (Ref  13  and  40).  The  direct  strikes  lasted  295  msec  and 
460  msec  with  a  maximum  pulse  repetition  rate  of  10u  pulses/sec. 
Fitzgerald  (Ref  41)  does  not  show  the  total  duration  of  his  55 
direct  lightning  strikes  but  claims  a  pulse  repetition  rate  of 
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1 0 3  pulses/sec.  The  direct  strike  reported  by  Nanevicz  (Ref  13) 
lasted  700  msec  with  a  pulse  repetition  rate  of  0.2  x  10 3 
pulses/sec.  Trost  and  Pitts  (Ref  40)  reported  a  strike  to  the 
NASA  F-106  that  lasted  over  760  msec  and  had  more  than  100 
pulses.  Our  pulse  repetition  rate  of  at  least  one  order  of 
magnitude  larger  is  probably  due  to  the  fact  that  our 
instrumentation  was  calibrated  to  detect  smaller  pulses.  This 
type  of  pulse  repetition  rate  observed  on  aircraft  lightning 
discharges  probably  indicates  that  the  aircraft  continues  to 
neutralize  small  pockets  of  charge  located  within  a  few  hundred 
meters  of  the  aircraft  in  the  oppositely  charged  region  that 
initiated  the  discharge. 

When  comparing  the  magnitude  of  our  maximum  uniform  current 
flow  of  BOO  A  and  3  kA  for  any  pulse  in  the  flash  with  those 
appearing  in  the  reported  data  (Refs  37,  40,  and  41),  it  appears 
that  our  direct  strikes  were  of  lower  intensity  than  the  expected 
average.  Fitzgerald  reported  peak  current  values  of  5.8  kA,  14.5 
kA,  2.8  kA,  and  22  kA  for  direct  strikes  to  the  nose  boom,  right 
wing  tip,  left  wing  tip,  and  vertical  stabilizer,  respectively. 
The  French  0NERA  group  (Ref  17),  flying  a  C-160  aircraft  reported 
13  direct  strikes  with  a  maximum  current  of  70  kA.  The  data 
collected  in  the  F-106  NASA  program  of  20  direct  strikes  for  the 
summers  of  1  980  and  1981  indicate  a  maximum  current  of  14  kA  (Ref 
42) . 

Table  9  shows  a  comparison  of  the  characteristi cs  of  our  two 
direct  strikes.  Most  of  the  features  of  this  table  have  been 
discussed  in  the  preceding  sections.  The  risetimes  for  the 
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largest  unsaturated  pulses  of  the  lightning  attachment  were  sum¬ 
marized  in  Tables  6  and  8.  The  risetimes  of  the  pulses  during 
lightning  attachment  reported  in  the  literature  (Refs  16  ana  17) 
range  from  tens  of  nanoseconds  to  about  10  usee. 


Table  9 

Comparison  of  the  Characteristics  of  the 
Two  Direct  Lightning  Attachments  to  the  C-130  Aircraft 


IX  July 

ZL  August 

Flash  Duration 

295  msec 

460  msec 

Maximum  Pulse 
Repetition  Rate 

104  pulses/sec 

1C4  pulses/sec 

Total  Number 
of  Pulses 

150  -  200 

200  -  300 

Maximum  Uniform 
Current  Flow  in 
a  Single  Pulse 

800  A 

3  kA 

Maximum  Electric 
Field  Change  in 
a  Pulse 

2000  V/m 

(Saturation  Level) 

200,000  V/m 

Maximum  Magnetic 
Field  Change  in  a 

Pul  se 

1  .8  A/m 

(Saturation  Level) 

1  .8  A/m 

(Saturation 

Level) 

Risetime 

Max  :  12  y  sec 

Max  :  10  u  sec 

Min:  about  205  below 
BW  limit  of  350  nsec 

Min:  about  255 
below  BW  limit 
of  350  nsec 

Continuing  Current 
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SECTION  VI 


CONCLUSIONS 


Partial  results  of  the  Air  Force  Flight  Dynamics  Laboratory 
three-year  (  1  979-1  98  1  )  airborne  lightning  c h a r a c t e r i z a t  i  o n 
program  have  been  presented.  The  intent  of  this  report  has  been 
to  document  the  results  and  to  provide  detailed  information  on 
all  aspects  of  the  program,  including  assumptions  and  tradeoffs 
made  to  permit  interpretation  of  the  data. 

The  program  was  conceived  because  new  technology  being  used 
on  the  latest  production  aircraft  and  on  aircraft  designs  under 
development  can  cause  vulnerability  to  E 1 e c t r o m a gn e t i c 
Interference  (EMI)  from  atmospheric  electromagnetic  radiation  and 
to  induced  transients  from  the  radiation.  This  new  technology 
includes  low  voltage  solid  state  devices  and  micro-circuits,  high 
speed  electronics  which  perform  critical  flight  functions,  and 
non-metallic  structural  materials  that  do  not  provide  any  or 
sufficient  electromagnetic  shielding  of  aircraft  electronics. 

Several  thousand  events  were  recorded  which  resulted  in 
thousands  of  waveforms  for  electric  and  magnetic  fields  and  sur¬ 
face  currents  at  the  aircraft  and  on  the  ground.  The  data  were 
recorded  in  analog  and  digital  formats  and  were  time-correlated 
at  all  measuring  locations.  Three  different  sets  of  data  were 
presented  in  Sections  IV  and  V.  Section  IV  shows  nearby  and  far 
field  data  between  5  and  35  km  of  the  discharge.  Five  of  the 
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lightning  flashes  discussed  were  correlated  between  the  ground 
and  the  aircraft  recorders.  The  characteristics  of  the  data 
recorded  during  several  other  flashes  were  also  discussed.  Sec¬ 
tion  V  describes  the  characteristics  of  the  two  direct  strikes. 

At  the  present  time  about  of  the  data  has  been  processed 
and  another  Technical  Report  will  be  published  after  all  the  data 
have  been  analyzed.  However,  this  report  contains  sufficient 
information  on  the  signature  of  the  electromagnetic  fields  mea¬ 
sured  at  the  aircraft  surface  to  provide  a  better  understanding 
of  lightning  interaction  with  the  aircraft  and  to  permit 
designing  experiments  for  future  lightning  characterization  pro¬ 
grams  using  similar  instrumentation. 

Many  important  conclusions  were  reached  after  this  partial 
analysis  of  the  data.  Most  of  these  conclusions  were  stated  in 
the  report  and  summarized  at  the  end  of  the  respective  sections 
in  the  data  interpretation.  Here,  a  brief  summary  is  provided  of 
some  of  the  most  important  conclusions. 

1.  The  signatures  of  the  electric  field  with  2  MHz 
frequency  response  recorded  on  the  ground  and  in  the  aircraft 
(  1  500  to  1  6,000  ft  MSL)  for  flashes  7  to  35  km  away  are  similar. 
However,  the  magnitude  of  the  fields  at  the  aircraft  was  larger 
than  on  the  ground  by  an  enhancement  factor  as  large  as  3.  This 
enhancement  factor  accounts  for  some  of  the  differences  between 
the  measured  surface  fields  on-  the  aircraft  and  the  aircraft 
incident  field  which  was  not  measured.  Within  a  2  MHz  frequency 
response,  the  aircraft  surface  fields  had  characteristics  similar 
to  those  of  the  incident  field  measured  or  the  ground. 

2.  The  risetimes  for  return  strokes  in  cloud-to-ground 
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flashes  were  found  to  range  from  less  than  100  nsec  to  several 
microseconds.  However,  there  are  many  other  pulses  in  cloud-to- 
ground  and  intracloud  flashes  with  risetimes  equal  to  or  faster 
than  the  risetimes  of  return  strokes.  These  pulses  are  of 
smaller  magnitudes  than  return  strokes  and  are  found  primarily 
during  the  preliminary  breakdown  stage  of  cloud-to-ground 
flashes.  They  have  also  been  observed  during  K-changes  in  the 
interstroke  process  and  in  intracloud  discharges. 

3.  The  surface  fields  measured  on  the  aircraft  for  flashes 
3  to  7  km  away  show  a  significant  frequency  content  in  the  2  to  5 
MHz  range.  The  surface  fields  are  affected  considerably  by  the 
resonant  frequencies  of  the  aircraft  for  nearby  flashes. 

4.  From  the  data  presented  here  and  a  review  of  the  litera¬ 
ture,  it  appears  that  most  direct  lightning  attachments  to  the 
aircraft  are  triggered  by  the  presence  of  the  aircraft  and  are 
not  natural  lightning  discharges.  The  duration  of  these  direct 
lightning  strikes  is  comparable  to  natural  discharges  (0.5  sec) 
and  they  exhibit  a  unique  pulse  repetition  rate  of  around  1 0 3  or 
104  pulses/sec.  The  uniform  current  related  to  these  pulses  can 
range  between  hundreds  of  amps  to  tens  of  kiioamperes. 

For  the  two  attachments  described  in  this  report  the  data 
indicate  that  the  aircraft  triggered  both  discharges.  In  both 
cases  minor  damage  occurred  to  the  aircraft.  In  one  case,  the 
attachment  broke  an  antenna  on  the  aircraft  surface  and  in  the 
other  case  an  internal  transient  produced  a  dump  in  the  naviga¬ 
tion  computer  memory.  Thes'e  types  of  damage  could  jeopardize  the 
completion  of  a  mission  and  are  serious  enough  to  study  in 
detail . 
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SECTION  VII 


RECOMMENDATIONS 

Our  most  important  recommendation  is  that  the  task  of 
processing  the  remainder  of  the  1981  data  be  completed.  Only 
forty  percent  of  these  data  has  been  processed  to  date.  Several 
research  papers  and  a  final  technical  report  should  be  published 
after  completion  of  the  data  analysis.  One  research  paper  should 
be  written  on  the  properties  of  the  airborne  electric  and  magne¬ 
tic  fields.  This  paper  should  contain  statistics  for  the  rise¬ 
time  and  frequency  response  of  hundreds  of  return  strokes  and 
other  fast  pulses  in  cloud-to-ground  and  intracloud  flashes. 
Another  research  paper  should  be  published  on  the  behavior  of  the 
surface  fields  measured  on  the  aircraft  with  20  MHz  bandwidth  as 
a  function  of  the  distance  to  the  flash.  In  this  manner,  it  may 
be  possible  to  fully  understand  the  variations  between  the  inci¬ 
dent  field  and  the  surface  fields  for  nearby  flashes.  As  shown 
in  this  report,  the  aircraft  resonant  frequencies  (2  to  5  MHz) 
have  a  significant  effect  for  flashes  less  than  7  km  frcm  the 
discharge. 

After  completion  of  the  tasks  previously  stated,  we  will 
have  further  improved  our  under  standing  of  the  interaction  of  the 
aircraft  with  nearby  lightning  flashes;  however,  additional  data 
are  still  needed  to  understand  direct  lightning  attachments  tc 
aircraft.  The  data  in  the  two  direct  strikes  presented  here 


answer  some  questions  but  raise  many  others.  Most  of  the  ques¬ 
tions  which  are  raised  from  analysis  of  the  data  in  Section  V 
cannot  be  answered  even  after  close  study  of  all  previously 
reported  studies  of  lightning  direct  attachment  to  aircraft  (Refs 
4,  13,  14,  16,  17,  40-42).  Additional  programs  are  needed  in 
which  the  aircraft  electromagnetic  fields  are  measured  during  the 
attachment  of  a  cloud-to-ground  lightning  discharge. 
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